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Abstract 
Stabilizers have been widely used in yogurts to provide good stability and desirable texture, gelatin 
being the most preferred choice because of its multiple functions (i.e. gelling, ―melt-in-mouth‖ and 
surface activity). However, gelatin is not universally accepted due to some religious beliefs and 
potential contamination with viruses and prions. Hence, finding an alternative to gelatin has always 
been of considerable interest to both the dairy industry and academia. In this thesis, a systematic 
study on the role and replacement of gelatin type B in yogurt was carried out. The main 
methodologies used in this research were rheology, scanning electron microscopy, texture analysis, 
water holding capacity (WHC) measurement and sensory evaluation.  
Firstly, the effects of gelatin concentration, pH and addition of milk proteins (whey protein isolate 
[WPI], milk protein concentrate [MPC] and skim milk powder [SMP]) on the properties of pure 
gelatin were studied. Higher gelatin concentrations led to stronger gels.  Rheological properties of 
the gelatin gels were independent of pH from 4.6 to 8.0, but the fracturability and microstructure of 
the gels were greatly influenced; gelation was inhibited at pH 3.0. SMP and MPC significantly 
enhanced the storage modulus (G′) of gelatin gels and changed their microstructure, while WPI 
showed a negative effect on G′ and caused no modification of microstructure. Gelatin A was briefly 
compared with gelatin B; results similar to those for gelatin B were obtained, except that gelatin A 
gel was more susceptible to extreme pH and addition of milk protein. 
The effect of gelatin on acid milk gels were fully characterized over four stages, which imitated the 
stages in the manufacturing process of yogurt. During the acidification stage (at 45 °C), the 
presence of gelatin (≥1%) decreased G′ of milk protein gels and a more heterogeneous 
microstructure was induced. During the cooling (from 45 to 10 °C) and annealing stages (at 10 °C), 
gelatin (≥1%) formed strand-like structures. During the heating stage (from 10 to 45 °C), gelatin 
strands melted and the G′ of the mixed gels tended to revert to the value at the end of the 
acidification stage, indicating that the changes in milk protein gels caused by gelatin after 
acidification are reversible. Additionally, gelatin enhanced the WHC of the gels without increasing 
gel firmness significantly at 0.4% concentration.  
Most of the previous literature has assessed gelatin replacements only on the basis the final yogurt. 
In this study, however, a systematic approach to compare the effect of replacers with gelatin during 
various stages of gelation was undertaken. One ionic (xanthan gum), two non-ionic (guar gum [guar] 
and locus bean gum [LBG]) polysaccharides and one type of starch were studied in acid milk gels; 
gels were stirred before storage in this part of the study to mimic stirred yogurt. Guar and LBG at 
sufficient concentrations tended to prevent milk gelation from the beginning of acidification and 
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dramatically change the microstructure of the gels. Xanthan did not cause severe aggregation of 
milk proteins and the typical casein network was still obtained at high xanthan concentrations, 
similar to gelatin. Starch exhibited properties similar to gelatin in both microstructure and rheology 
aspects. Therefore, the ionic polysaccharide xanthan gum and starch were found to be more 
promising than non-ionic ones as gelatin replacers. Since gelatin is a gelling agent, the ionic 
polysaccharides with gelling properties might be suitable alternatives for it.  
The effects of gelling polysaccharides (xanthan/LBG [X/L], carrageenan and starch) and milk 
proteins (WPI, sodium caseinate [NaCn] and SMP) were assessed in stirred acid milk gels.  Similar 
to gelatin, polysaccharides tended to decrease G′ during the acidification stage and structural 
changes during the cooling and melting stages were observed for the gels with X/L or carrageenan. 
The microstructure of the gels was not modified greatly by addition of any of the polysaccharides 
(except carrageenan) and thin strand-like structures were observed in gels with X/L. However, none 
of the polysaccharides increased the WHC of milk gels as significantly as gelatin. Addition of milk 
proteins, on the other hand, significantly enhanced the WHC, with WPI being the most efficient. A 
combination of WPI and X/L or starch resulted in products close to the gelatin-containing samples. 
Lastly, the selected combination of WPI and X/L was further investigated and compared with 
gelatin in cultured stirred yogurt. WPI-X/L greatly increased WHC of yogurt and similar gel 
microstructure between these two yogurts was obtained. However, both instrumental and sensory 
evaluation showed that WPI-X/L induced stronger yogurt gel than gelatin, which was expected 
from the results in acid milk gels.  
Therefore, the methodologies used in this research provided valuable information on the mechanism 
of gelatin in yogurt and can be used to evaluate potential gelatin replacements in yogurt; WPI-X/L 
was found to be promising but further research needs to be done to optimize the concentration of 
the WPI-X/L combination. 
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1 Introduction 
1.1 Background 
Yogurt is a very popular acid coagulated milk product principally fermented by two starter cultures: 
Lactobacillus delbrueckii subsp. bulgaricus and Streptococcus thermophilus (Supavititpatana et al., 
2008). Low fat stirred yogurt is especially becoming increasingly popular for health reasons and its 
variety of flavours (Rawson & Marshall, 1997; Sandoval-Castilla et al., 2004). Texture is one of the 
most crucial properties of yogurt quality, which strongly affects the sensory perception of yogurt. 
Many stabilizers such as carrageenans, guar gum, locust bean gum, pectin, starch and gelatin are 
added to low fat yogurt to provide good stability and a desirable texture. Among all these agents, 
gelatin, an animal protein, has been considered the most preferable due to its multiple functions in 
yogurt. It increases the gel strength, viscosity and water binding capacity of the yogurt; it modifies 
the texture of the yogurt; it enhances the emulsion formation of milk and stabilizes the yogurt 
system; and most uniquely, its melt-in-mouth property provides fat-like sensory perception to low 
fat yogurt (Fiszman & Salvador, 1999; Kalab, Emmons, & Sargant, 1975; Karim & Bhat, 2009).  
However, gelatin is mainly produced from pig skin, cattle bones and cattle hide. It is not accepted 
by certain consumer groups because of their religious beliefs and vegetarian lifestyle choices. 
Besides, gelatin also brings the risk of potential contamination with viruses and prions such as 
bovine spongiform encephalopathy (BSE)  prion. So finding the alternative for gelatin has gained 
great interest in both industry and research and the ideal alternative to gelatin has not been found so 
far (Karim & Bhat, 2009; Salvador & Fiszman, 1998).  
To find an alternative for gelatin in yogurt, it is necessary to first understand the role of gelatin in 
yogurt. However, most previous studies on gelatin only focused on the properties of the final 
product with gelatin. There has been no systematic research carried out on the mechanism of gelatin 
functionality in yogurt. Yogurt is a complex system involving a great variety of components, i.e., 
water, proteins, lactose, minerals, salts and culture. The temperature and pH change during yogurt 
manufacture lead to an even more complicated system for gelatin functionality. The interaction 
between gelatin and milk components is complicated and could be affected by the temperature and 
pH during manufacture of yogurt (Lefebvre & Antonov, 2001b; Walkenstrom & Hermansson, 
1996). 
One of the approaches to replace gelatin in stirred yogurt is using alternative hydrocolloids. Gellan 
gum, modified starch, xanthan gum, locust been gum (LBG) and pectin have been suggested as 
potential alternatives in stirred yogurt (Morrison et al., 1999). However, using one single 
polysaccharide can hardly match the properties of gelatin in yogurt. The effects of gelatin, pectin 
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and sodium alginate on mango soy fortified set yogurt were compared, and yogurt stabilized with 
gelatin was most acceptable on sensory evaluation (Kumar & Mishra, 2004). The characteristics of 
set-style yogurt stabilized with native wheat starch were reported to be similar to gelatin-containing 
yogurt. However, no sensory evaluation was conducted in that research (Schmidt, Herald, & Khatib, 
2001). Different mouthfeel of yogurt with starch and gelatin was reported and yogurt with gelatin 
exhibited a higher pseudoplastic behavior and apparent viscosity than yogurt with starch, but less 
syneresis (Ares et al., 2007). Combinations of certain types of polysaccharides could be more 
promising. Xanthan gum was reported to be able to form strong, cohesive gels with LBG and 
konjac glucomannan (KGM) and the strength of mixed gels dropped greatly when they were heated 
from a typical room temperature of 20 °C to normal body temperature, indicating the important 
characteristic of ―melt-in-the-mouth‖ (Agoub et al., 2007; Fitzsimons, Mulvihill, & Morris, 2008). 
A combination of high methoxyl pectin (HMP) and low methoxyl pectin (LMP) can form a series of 
gels with different  rheological behaviors and microstructures when used in different ratios, with or 
without Ca
2+
 (Lofgren, Walkenstrom, & Hermansson, 2002). To further improve the properties of 
yogurt, fortification with milk solids combined with polysaccharides could be considered (Karam et 
al., 2013). Fortification with skim milk powder (SMP) has been commonly used in yogurt 
manufacture to reduce syneresis and improve textural properties (Modler et al., 1983). Rheological 
and sensory properties of yogurt have also been reported to be improved by addition of whey 
protein concentrate (WPC) or sodium caseinate (NaCn) (Damin et al., 2009; Marafon et al., 2011). 
In addition, mechanical treatments, such as heat treatment and high pressure treatment, have been 
used to alter the properties of yogurt (Remeuf et al., 2003; Serra et al., 2007). Most of the previous 
studies have focused on the texture and sensory properties of the final yogurt with gelatin or other 
stabilizers (Ares et al., 2007; Keogh & O'Kennedy, 1998; Modler et al., 1983), but the similarities 
and differences in the underlying mechanism of stabilization of the gel network and syneresis 
control between gelatin and the alternatives have not been studied.  
1.2 Hypotheses:  
 That the role of gelatin in yogurt could be understood by studying the interaction of gelatin 
and the main milk proteins at each stage during yogurt manufacture using physical 
analytical techniques.  
 That polysaccharides or milk components that have similar properties to gelatin could be 
promising gelatin replacements in yogurt 
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1.3 Aims and objectives 
1.3.1 Aims 
The aims of this thesis are to:  
 Establish the role of gelatin in yogurt.  
 Develop a suitable gelatin replacement for use in yogurt manufacturing. 
1.3.2 Objectives 
The objectives of this research are to: 
 Define the properties of pure gelatin gels  
 Establish the interactions between gelatin and milk proteins of WPI, MPC and SMP   
 Establish the role of gelatin in different acid milk gels (from WPI, MPC and SMP) 
according to four different stages of yogurt manufacture 
 Evaluate two types of polysaccharides (ionic and non-ionic) and starch as gelatin 
replacement in stirred acid milk gels, according to their mechanisms of stabilizing milk 
gels. 
 Evaluate the approach of replacing gelatin by combinations of polysaccharides and milk 
protein powders (WPI, NaCn or SMP) in stirred acid milk gels.  
 Assess a promising gelatin alternative in a cultured yogurt through both instrumental 
and sensory analysis. 
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2 Literature Review 
2.1 Gelatin  
Gelatin is a mixture of peptides and proteins derived from the collagen of animal skin, bones and 
hide. It is a translucent, colorless, tasteless solid substance, commonly used as a gelling and 
stabilizing agent in food, pharmaceuticals (e.g. in soft and hard capsules, microspheres), 
photography and cosmetics manufacturing (Djagny, Wang, & Xu, 2001; Ward & Courts, 1977).  
2.1.1 Gelatin manufacture 
Collagen is the basic raw material for gelatin production. It is the major constituent of all white 
fibrous connective tissue in animal bodies, such as cartilage, sinews, skin, ossein and the transparent 
sheaths surrounding muscles and muscle fibres (Nimni & Harkness, 1988). Collagen carries a small 
excess of basic functional groups along the peptide chains and has a basic isoelectric pH of around 
9. The basic structure of collagen is a triple helix and the basic molecular unit of collagen is 
tropocollagen. This is composed of a sequence of interactive hydrophobic and charged residues 
distributed along the triple helix to provide maximum electrostatic and hydrophobic interaction with 
the neighbouring molecules (Nimni & Harkness, 1988). Pig or cow skins and bones are the 
preferred commercial sources of gelatin, perhaps because of the low cost of these materials (Phillips 
& Williams, 2009). The general extraction procedure of gelatin is shown in Figure 2-1 (Boran, 
Mulvaney, & Regenstein, 2010; Phillips & Williams, 2009; Poppe, 1997; Schrieber & Gareis, 
2007). Briefly, the raw material is first washed to remove surface soil and other. Crushing and 
rewashing are required for bone material after washing followed by pre-acid treatment (usually 4-7% 
hydrochloric acid) over five to 14 days to decalcify and leave a residue of ―bone collagen‖ or ossein. 
Then the collagen is treated with acid or alkali and then washed to neutrality with water. The acid or 
alkali treatment is to break the crosslinks and non-convalent bonds of tropocollagen units of 
collagen as well as to remove unwanted materials such as other proteins and carbohydrates (Petrie 
& Becker, 1970). Acid treatment is particularly useful for pig skin and ossein that are less fully 
crosslinked materials. The final gelatin from acid treatment is named type A. Alkaline treatment is 
mainly used for hides and bones and the final gelatin is called type B (Poppe, 1997). After acid or 
alkaline treatment, the gelatin extraction begins in hot water to further break up the structure (Figure 
2-2). After hot water extraction, water is evaporated and solid gelatin containing some moisture and 
ash is obtained. Gelatin has a random coil structure (Djabourov, Lechaire, & Gaill, 1993).  
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Figure 2-1. Preparative process for acidic and basic gelatins from collagen (based on Phillips & Williams, 2009). 
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Figure 2-2 Demonstration of ―helix to coil‖ transition during preparative process of acidic and basic gelatins from collagen 
(Tabata & Ikada, 1998) 
With increasing temperature during extraction, the bloom of the gelatin obtained is decreased. 
Bloom is a term used for a measure of the strength of gelatin gels. It is the weight needed by a probe 
to deflect the surface of the gel by 4 mm without breaking it. For gelatin, a 6.67% gelatin solution is 
kept for 17-18 hours at 10 ˚C prior to being tested for bloom (Fiszman & Salvador, 1999). 
2.1.2 Differences between acid and alkaline processed gelatin 
Three main differences have been reported between gelatin type A and B. Firstly, gelatin from the 
alkali process (B) is generally purer than that from the acid process (A). Many of the non-
collagenous proteins of the tissue are isoelectric at about pH 4, which means many of these 
impurities are soluble at alkaline pH and can be removed (Brand, LaRoche, & Roy, 1999). 
Secondly, gelatin A is richer in tyrosine and poorer in hydroxyproline than gelatin B (Phillips and 
Williams, 2009). Thirdly, gelatin B contains a high density of carboxyl groups because the amide 
groups of collagen are hydrolysed, which makes gelatin B negatively charged. The isoelectric point 
(IP) of gelatin B is around 5.0. In contrast, the electrostatic nature of acid-processed gelatin is 
almost the same as that of collagen because of a less invasive reaction on amide groups of collagen. 
As a result, the IP of the acid-processed gelatin (A) is around 9.0 (Tabata & Ikada, 1998).  
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2.1.3 Gelation theory 
The setting of a gelatin solution and subsequent changes in the gel network arise through the partial 
return of disordered gelatin molecules (coil) to the collagen structure (helix) (Ward & Courts, 1977). 
The specific and unique feature of the sequence of amino acids in gelatin is that almost every third 
residue is glycine (33% of the composition). Because it is the smallest amino-acid, its presence 
allows the chains of the triple helix to come together closely (Boran, Mulvaney, & Regenstein, 2010; 
Djabourov, 1988). 
The sequences – (Gly – X– Pro) n– or – (Gly – X– Hypro) n – are considered as models for collagen; 
where X is any amino-acid. Pro and Hypro are proline and hydroxyproline. These two residues are 
important to the functional properties of gelatin. In proline the side group loops back to re-attach to 
the main chain, resulting in a ring as Figure 2-3.  
 
Figure 2-3. Proline molecule (based on Djabourov, 1988). 
The presence of these proline rings gives an enhanced localized rigidity to the chain. It is generally 
accepted that the proline-rich regions of gelatin chains, especially those with the sequence glycine-
proline-proline (or hydroxyproline), act as nucleation sites for the formation of potential junction 
zones – poly-L-proline II helices. Then three helices aggregate to form a collagen-like triple helix, 
which acts as the gel junction points or zones (Boran, Mulvaney, & Regenstein, 2010; Djabourov, 
1988; Ferry & Eldridge, 1949; Finer et al., 1975).  
On cooling, conformational changes in gelatin molecules occur and the gelatin gel forms when the 
solution of gelatin, at sufficient concentration, is cooled to an appropriate temperature (Babin & 
Dickinson, 2001). For different kinds of gelatin, the temperatures at which the coil transforms to a 
helix are different (Joly-Duhamel, Hellio, & Djabourov, 2002a). The lower the cooling temperature, 
the larger the amount of helix formed during cooling for a specific gelatin. Also, the helical content 
is lower for the low molecular weight gelatins (Joly-Duhamel, Hellio, & Djabourov, 2002a). After 
setting, the gel still changes with time. This process is called gel maturation (Michon, Cuvelier, & 
Launay, 1993). During gel maturation, more and more gelatin molecules join into the gelling 
components and the junctions continuously reorganize themselves (Poppe, 1997). Many of the 
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physical properties of a gel change continuously with time, even at a constant temperature. For 
example, the rigidity modulus increases for several hours after setting and then continues to 
increase at a diminishing rate. It has never been observed to reach a constant value (Phillips & 
Williams, 2009). The gel is thermally reversible (Bello, Vinograd, & Bello, 1962; Clark, Evans, & 
Farrer, 1994) and melts at 35-40 ˚C. The melting temperature is always higher than the setting 
temperature, because the gel network is continually being reorganized to include links of increasing 
thermal stability (Ward and Courts, 1977). The melting temperature is affected positively by a high 
imino acid content (Joly-Duhamel, Hellio, & Djabourov, 2002a). A good example of this is fish 
skin gelatins. They have a low content of imino acids and their melting temperatures are lower than 
those of gelatins with similar molecular weight derived from warm-blooded mammals (Rahman & 
Al-Mahrouqi, 2009). 
The bonds between solid particles or between macromolecules play a key role in maintaining the 
thermal and mechanical stability of the gelatin gel framework. Various forces are responsible for 
particle adhesion: Van der Waals interactions, hydrogen bonds, electrostatic interactions and 
covalent bonds (Jeffrey & Jeffrey, 1997). The first two types of interactions are sensitive to 
variations in temperature, pH and ionic forces in solution, which would reversibly ‗break‘ or ‗build‘ 
the network. The hydrogen bonds become less important with increasing temperature, while the 
covalent bonds are permanent (Jeffrey & Jeffrey, 1997). The intermolecular contacts in thermally 
reversible gelatin gels are stabilized by the first two types of bonds, mainly hydrogen bonds, rather 
than by covalent bonds. When the cohesion forces are of a polar nature, the solvent itself 
participates in the formation of the bonds. This is particularly prevalent in the case of water 
molecules in aqueous thermoreversible gels (like gelatin or agarose) (Djabourov, 1988; Eldridge & 
Ferry, 1954).  
2.1.4 Factors affecting properties of gelatin gel  
Temperature is criticial to the gelatin gel structure. This is because the formation of the network 
involves the delicate balance between polymer–polymer interactions and polymer–solvent 
interactions, and the balance is strongly dependent on temperature. If a gelatin solution is cooled 
very rapidly, the molecules will be ―frozen‖ initially, which induces the formation of many weak 
links producing a system which lacks order (Michon et al., 1997). The average bond strength 
changes from about 5 kcal/mole at 5 ˚C to 20 kcal/mole at 20 ˚C (Michon et al., 1997). Thermal 
stability of gel structures is greater when annealed at room temperature or above, rather than at 
lower temperatures; this has been proven by differential scanning calorimetry (Petrie & Becker, 
1970). Temperature can also cause denaturation and hydrolysis of gelatin, thereby affecting the gel 
properties. Gelatin is completely denatured at 50 ˚C and it is hydrolysed in solution. The hydrolysis 
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rate increases steeply with increase in temperature, acidity or alkalinity. At 40 ˚C aggregation is 
usually non-existent and thermal hydrolysis is very slow (Payne & Veis, 1988). Temperature effects 
can be eliminated if the gel is cooled first and then re-warmed to a higher temperature. The original 
gel properties almost completely re-appear. However, if the gel is heated to a higher temperature 
and then brought back to the measuring temperature, the properties are never regained. This 
behavior is typical of polymer network structures that are stabilized by hydrogen bonds (Michon et 
al., 1997; Phillips & Williams, 2009). 
Concentration is critical in gelatin gelation. The more concentrated the gels are, the more quickly 
they reach almost constant gel strength (Ferry, 1948). This is because at low gelatin concentration 
the three regions of poly-proline II helix may be derived from one chain to give an intramolecular 
collagen-like structure, which will make no contribution to a gel network. On the other hand, at 
higher gelatin concentrations, the three regions can come from two or three different chains, so 
useful junction zones can be formed (Djabourov, 1988). However, no simple relationship between 
gel strength and concentration is found because the junctions formation can be affected by many 
other factors, such as chain size and whether the individual molecules are multistranded or not 
(Michon, Cuvelier, & Launay, 1993).  
pH is another important factor that should be considered in gelatin gelation. pH can greatly affect 
the viscosity of a gelatin solution, which has a minimum at the isoelectric point because of the 
maximum molecular folding (Petrie & Becker, 1970). Walkenstrom and Hermansson (1997) 
showed that the aggregation of gelatin type A increased as the pH increased from 5.4 to 7.5. At pH 
5.4 the gel was fine-stranded and transparent, while at pH 7.5 the gel was aggregated and opaque 
(Walkenstrom & Hermansson, 1997). Gel strength of gelatin gels was reported to be independent of 
pH in the pH range 4-10, especially for concentrated systems. Outside of this range, where the 
chains carry a high net positive or negative charge, gelation was greatly inhibited and the gel 
strength decreased. This was attributed to strong electrostatic forces that inhibit the ability of chains 
from forming junction zones (Bello, Vinograd, & Bello, 1962).  
Mechanical disturbance also affects the properties of gelatin gels. Significant shear dependence of 
viscosity is observed when the concentration of the gelatin is low and the pH is not close to the 
isoelectric point (Petrie & Becker, 1970). 
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2.1.5 Interaction between gelatin and proteins 
2.1.5.1 Major milk proteins  
Milk contains many different proteins. According to whether or not they coagulate with acid, ions 
or rennet, major milk proteins can be divided into two groups: casein and whey proteins (Mulvihill 
& Donovan, 1987).  
i. Caseins 
Casein is a term used for the pH-4.6-insoluble proteins in milk. Caseins make up about 80% of the 
protein in milk, by weight (Jensen, 1995). They contain four different major types: αs1-, αs2-, β-, κ-
caseins which represent approximately 38, 10, 35 and 12%, respectively, of whole bovine casein 
(Schmidt, 1980). Caseins are unstructured proteins. The individual casein molecules are flexible 
and disordered. They behave like heterogeneous copolymers. This is mainly because of their high 
content of the structure-breaking amino acid proline, with β-casein being particularly rich in proline 
(Dickinson, 2006). Caseins have good surface activity, foaming and emulsifying properties because 
of the highly non-uniform distribution of hydrophilic and hydrophobic residues in the molecules. 
Also because of the open structure, casein isolates can form highly viscous solutions and have high 
heat stability, withstanding heating at 140 ˚C for several hours without visible changes (Dickinson, 
Murray, & Pawlowsky, 1997). The caseins have a very strong tendency to aggregate, mainly due to 
hydrophobic bonding (Horne, 1998). Sodium caseinate, the most soluble form of casein, can form 
aggregates of 250-500 kDa, comprised of 10-20 molecules (Waugh & Hippel, 1956). Also, because 
of the phosphate groups, αs1-, αs2-, and β-caseins have a strong tendency to bind metal ions, mainly 
Ca
2+
, (Waugh & Hippel, 1956), which might indicate the unsuitability of a combination of casein 
and a Ca
2+ 
-dependent polysaccharide, e.g. κ-carrageenan, for use in yogurt. 
ii. Whey proteins 
Whey proteins are defined as proteins that are soluble at pH 4.6 or in saturated NaCl or after rennet-
induced coagulation of the caseins in milk. Whey proteins make up about 20% of the total proteins 
of bovine milk. β-Lactoglobulin (β-Lg) and α-lactalbumin (α-La) are the main whey proteins 
together with smaller amounts of blood serum albumin, immunoglobulins and lactoferrin (Mulvihill 
& Donovan, 1987). β-Lg is a typical globular protein, representing about 60% of the whey proteins. 
It consists of 162 amino acid residues per monomer, with a MW of about 18 kDa (Verheul, Roefs, 
& de Kruif, 1998). There are two intramolecular disulfide bonds and one mole of cysteine per 
monomer of β-Lg (Verheul, Roefs, & de Kruif, 1998). Its isoelectric point is pH 5.2. At 
temperatures above ~75 ˚C, the cysteine interacts with the intermolecular disulphide of κ-casein, 
thereby affecting the rennet coagulation and heat stability of milk (Lucey, Munro, & Singh, 1999; 
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Monahan, German, & Kinsella, 1995). β-Lg is a highly structured protein: in the pH range 2.0-6.0, 
10-15% of the molecules exist as α-helices, 43% as β-sheets and 47% as unordered structures, 
including β turns (Kuwata et al., 1998). β-Lg exists as a dimer in the pH range 5.5-7.5, as a tetramer 
in the pH range 3.5-5.5 and as a monomer outside of these pH ranges (Papiz et al., 1986). β-Lg gels 
at sufficient protein concentration by heating and the critical concentration of so-gel transition 
depends on pH and ionic conditions (Renard & Lefebvre, 1992). α-La represents about 20% of the 
protein of the bovine whey proteins. It is a small protein containing 123 amino acid residues, with a 
mass of about 14 kDa. It has four tryptophan residues and four intramolecular disulfide bonds per 
mole. Its isoelectric point is pH 4.8. α-La is very heat stable and can renature after mild heating 
when the temperature is reduced (Demetriades, Coupland, & McClements, 1997; Hillier & Lyster, 
1979). 
2.1.5.2 Polymeric stabilization mechanism 
It has been well recognized in polymer science that a polyion complex is formed through interaction 
between oppositely charged polyelectrolytes (Tabata & Ikada, 1998). However, in colloidal 
dispersions, both adsorbing and non-adsorbing polymers, defined according to whether they adsorb 
to the surface of colloidal particles in the dispersion or not, are able to enhance or decrease the 
system stability (Everett & McLeod, 2005; Oh et al., 2007; Spagnuolo et al., 2005; Syrbe, Bauer, & 
Klostermeyer, 1998). Their stabilization ability depends on their concentration and the size ratios of 
polymers to colloidal particles. The effect of addition of polymers (adsorbing and non-adsorbing) 
on colloidal dispersions has been described by Syrbe, Bauer, & Klostermeyer (1998). As the 
concentration of an adsorbing polymer is increased in a colloidal system, its effect on system 
stability transitions from no influence to bridging flocculation to polymeric stabilization to 
depletion destabilization (Figure 2-4). In food systems, the adsorbing polymer can be a protein or a 
hydrocolloid. For a non-adsorbing polymer, the transition goes from depletion flocculation to 
colloidal particles trapped in a viscous polymer network (Figure 2-5). Efficient polymeric 
stabilization is achieved by the combination of high molecular weight, high surface coverage and 
good distribution of anchor points. The best polymeric stabilizer should have a strongly adsorbing 
terminal with low solvent affinity and a voluminous ‗dangling‘ end with high solvent affinity to 
reduce polymer overlap (Syrbe, Bauer, & Klostermeyer, 1998).  
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Figure 2-4. Adsorbing, non-gelling polymer in colloidal dispersion. With increasing polymer concentration the system 
undergoes the transition from a to b to c: (a) bridging flocculation (b) polymeric stabilization (c) depletion flocculation (Syrbe, 
Bauer, & Klostermeyer, 1998). 
 
Figure 2-5. Non-adsorbing, non-gelling polymer in colloidal dispersion. With increasing free polymer concentration the 
system undergoes the transition from a to b to c: (a) stable (b) depletion flocculation (c) stable (Syrbe, Bauer, & Klostermeyer, 
1998). 
2.1.5.3 Gelatin as an adsorbing polymer 
Gelatin is an important adsorbing polymer in food systems. The interaction between gelatin and 
proteins was reported to be based on electrostatic forces (Tabata & Ikada, 1998). Basic proteins 
with IP higher than 7.0 attractively interact with gelatin B in aqueous solution, irrespective of the 
protein type, while acidic proteins form polyion complexes with gelatin A. The interaction is 
weakened with increasing NaCl concentration (Muniruzzaman, Tabata, & Ikada, 1997; Tabata & 
Ikada, 1998). 
More specifically, the interaction between gelatin and milk protein has been studied. At neutral pH 
and low ionic strength, casein micelles interact with the oppositely charged gelatin A. Ionic bonds 
are formed between carboxyl groups of casein and amino groups of gelatin A. The aggregation of 
casein-gelatin A complex was formed through bridging flocculation. No specific interactions 
between casein and gelatin B have been reported (Lefebvre & Antonov, 2001b). However, another 
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rheological study on sodium caseinate and gelatin B showed that the addition of gelatin B had 
subtle influence on the small-deformation viscoelastic behavior of acid-induced caseinate gel, by 
slightly lowering the gel strength and gelation pH; gelatin-casein interaction might have occured 
and inhibited the rearrangements of casein network (Koh, Merino, & Dickinson, 2002). 
Electrostatic interactions between positively charged lysine side groups of gelatin A and negatively 
charged aspartic acid residues of casein micelles have been reported (Lefebvre & Antonov, 2001b). 
It has also been reported that milk solids (nonfat dry milk) increased gel strength, but did not 
modify the maturation mechanism and melting temperature of gelatin A gels, which indicated that 
the gel was dominated by gelatin A, but further stabilization of the network by addition of milk 
solid was induced (Salvador & Fiszman, 1998). However, no effect of gelatin A on gelation of 
WPC was observed and the gel formation of WPC was not affected by gelatin A; the properties of 
the mixed gels were dominated by WPC at low gelatin concentrations and by gelatin at high gelatin 
concentrations (Walkenstrom & Hermansson, 1994). These studies provide considerable 
information about gelatin gel formation and the gel‘s melting point. However, the interactions 
between gelatin and milk proteins (both whey proteins and casein) under the conditions of yogurt 
manufacture were not systematically studied. During yogurt manufacture, both milk proteins and 
gelatin undergo changes, such as structural and charge density changes, due to the heat treatment 
and acidification (see yogurt manufacture process Figure 2-6). The interaction between milk 
proteins and gelatin could be affected by the specific manufacturing conditions, as well as the other 
components (minerals or lactose) in yogurt (see 2.1.1).  Therefore, the effect of pH, protein 
concentration and gelatin type on both gelatin/casein gels and gelatin/whey proteins gels needs to be 
thoroughly studied.  
2.2 Yogurt  
Yogurt is a product of milk fermented by Lactobacillus delbrueckii subsp. bulgaricus and 
Sreptococcus thermophilus (Tamime & Robinson, 1999). Yogurt can be divided into full-fat, low 
fat and non-fat yogurt based on the fat content in the product; it can also be divided into set and 
stirred yogurt, based on manufacturing procedure. Set yogurt is fermented in its package; if it 
contains fruit, this will settle on the bottom. Stirred yogurt is fermented in large fermentation tanks 
and the yogurt gel is disrupted by stirring after fermentation; fruit may be blended into the yogurt 
prior to packaging (Lee & Lucey, 2010; Moschakis, Murray, & Dickinson, 2010). 
2.2.1 Low fat stirred yogurt manufacture 
Many people wish to control their fat consumption because of its relationship with heart disease. 
Therefore, consumption of low fat or nonfat dairy products has increased in recognition of their 
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health benefits. Low fat yogurt has an ever-increasing market in the world (Guven et al., 2005; van 
Meijl & Mensink, 2011). 
The main processing steps in manufacturing low fat stirred yogurt are shown in Figure 2-6 (Tamime 
& Robinson, 1999). Cow milk, as a common raw material of yogurt, has an average chemical 
composition of water 87.4%, fat 3.9%, protein 3.3%, lactose 4.7% and ash 0.7% (Deeth & Hartanto, 
2009). These numbers are variable depending on many factors, such as stage of lactation, age of the 
cow, and environment (Jensen, 1995). In order to comply with the legal standards for yogurt, milk 
is first standardized. Often milk powder is added to increase the protein concentration. For low fat 
yogurt, the fat content should be around 0.5% (w/w), so part of the fat in milk has to be removed 
(Tamime & Robinson, 1999). Also, ingredients such as stabilizers are added at this stage. 
Homogenization effectively prevents fat separation during fermentation and storage. The typical 
conditions for milk homogenization are pressures of 10-20 and 5 MPa in the first and second stages 
and a temperature between 55 and 65 ˚C (Yildiz, 2010). In some cases, homogenization of the 
yogurt milk is performed after heat treatment, but risks of contamination from the homogenizer 
have to be considered (Lee & Lucey, 2010).  
Heat treatment is important for yogurt since it not only destroys unwanted microorganisms, but also 
greatly improves the physical properties and microstructure of yogurt (Tamime & Robinson, 1999). 
The formation of disulphide cross-links between denatured whey proteins and casein chains during 
the preheat treatment plays an important role in the gelation (Lucey, Munro, & Singh, 1999; 
Sadeghi, 2012). The commercial temperature/time combinations for heating milk for yogurt 
manufacture are 85 ˚C for 30 min or 90-95 ˚C for 5 min (Tamime & Robinson, 1999).  
After heat treatment, the milk is cooled to the incubation temperature of the starter culture (40-45 
˚C), the optimum temperature of fermentation by thermophilic lactic acid culture, and then the 
starter cultures are mixed into the milk. The milk is incubated with the culture at 40-45 ˚C until the 
pH decreases to ~4.5. Acidification of milk leads to solubilization of the colloidal calcium 
phosphate and reduction of the net negative charge on casein, which causes an increase in 
electrostatic interactions, thereby inducing micellar fusion and casein dissociation and 
rearrangement (Gastaldi, Lagaude, & De La Fuente, 1996; Lucey & Singh, 1997). A soft yogurt gel 
and the characteristic flavor of yogurt are formed at the end of incubation.  
After incubation, the yogurt is cooled to <10 ˚C to stop the fermentation. Fruit can be added at this 
stage for fruit yogurt. Agitation in the fermentation vat is performed after cooling. The product is 
sheared and smoothed by stirring. Finally, the yogurt is filled into packages and stored at around 7 
˚C (Lee & Lucey, 2010; Pugnaloni, Matia-Merino, & Dickinson, 2005). During cooling and storage, 
the yogurt gel network keeps rearranging and some syneresis may occur; however, some stabilizers, 
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especially cold-gelling stabilizers, i.e. gelatin, become functional at low temperature (Salvador & 
Fiszman, 2004).  
 
Figure 2-6. Outline of yogurt manufacture (based on Tamime & Robinson, 1999). 
2.2.2 Effect of gelatin on yogurt properties 
Gelatin is an ingredient compatible with milk proteins and gives yogurt fat-like sensory perception 
and low syneresis (Karim & Bhat, 2008). Surprisingly, not many publications could be found on the 
effect of gelatin on yogurt although some studies on the effect of gelatin on specific types of milk 
gels, such as WPI or NaCn gels, were found. According to those reports, the most studied aspects 
were: rheological properties, texture properties, microstructure, syneresis and sensory properties.  
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2.2.2.1 Effect of gelatin on the rheological properties of yogurt 
Rheology is the study of deformation and flow of matter, and indicates how materials respond to 
applied stress or strain. In general, rheological properties can be expressed in terms of viscous (used 
to describe materials that are fluid), elastic (used to describe solid food materials), and viscoelastic 
properties (used when the material exhibit both viscous and elastic properties) (Barnes & Hutton, 
1989). Most foods, including yogurt, are ‗viscoelastic‘. Gel and flow properties of yogurt are the 
main components that reflect the quality of the product and are the most studied (Rao, 2010).  
In terms of flow properties, theoretically all fluid and semifluid foods can be classified into two 
types of viscous behavior: Newtonian and non-Newtonian (Bourne, 2002). For Newtonian foods, 
the shear rate is directly proportional to the shear stress and the viscosity is independent of the shear 
rate within the laminar flow range. The viscosity is given by the slope of the shear stress–shear rate 
curve, and it doesn‘t change with shear rate. For non-Newtonian foods, like yogurt, the viscosity is 
dependent of shear rate (Fischer et al., 2009). Flow properties are generally evaluated by the flow 
curves obtained from a rheometer as a function of shear rate (Ramaswamy & Basak, 1991). The 
experimental techniques used may be quite different depending on the aim of the research 
(Delorenzi, Pricl, & Torriano, 1995). For example, the time-dependent properties of yogurt are 
obtained at constant shear rate as a function of time. The parameters for description of the flow 
properties of yogurt can be generated by modelling the flow curves into a few models: Power law 
model, Casson model and Herschel-Bulkley model for the upward curve and linear model for the 
downward curve (Ramaswamy & Basak, 1991). Yogurt has some typical characteristics like yield 
stress (a minimum shear stress at which flow begins, that has to be exceeded to initiate the flow 
property), pseudoplasticity (shear thinning), and time-dependency (the shear stress keeps decreasing 
even after 60 min of continuous shearing at constant shear rate and temperature) (Benezech & 
Maingonnat, 1994; Paseephol, Small, & Sherkat, 2008; Rawson & Marshall, 1997; Sodini et al., 
2004).  
In terms of gel properties, the viscoelastic properties of a product are usually derived in terms of 
storage (or elastic) modulus G′, loss (or viscous) modulus G″ and loss tangent (Bourne, 2002; 
Djabourov, 1988). For a perfectly elastic solid, G″ is zero because all the energy is stored, while for 
a liquid G′ is zero. G′, G″ can provide information about whether the system is a gel or sol, and 
whether the gel is strong or weak. Normally, if the G′ is higher than G″, the system is a gel (Bourne, 
2002). These characteristics are very important in studying gelatin and yogurt gels, especially for 
gelatin gels as the crossover point of G′ and G″ indicates the melting and gelling point of the gels. 
Small amplitude oscillatory rheology (SAOR), which is based on the strain imposed and stress 
response, is commonly applied to measure the viscoelastic properties (Bourne, 2002). The strain 
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amplitude of this measurement is usually very small, for many materials less than or around 1% 
(Lee & Lucey, 2010), therefore the weak gel network is not damaged during the measurement. 
Depending on the properties of the sample to be tested and purpose of experiments, three types of 
tests are usually conducted in gel studies (Bourne, 2002): frequency sweep is mostly used to test the 
gel strength, temperature sweep and time sweep are most commonly used to monitor the process of 
gelatin and yogurt gel formation (Fiszman, Lluch, & Salvador, 1999). The gelation profile of yogurt 
gels has been reported (Lee & Lucey, 2010) and the final stirred yogurt product exhibited as a weak 
gel with G′ higher than G″ (Afonso & Maia, 1999; Marafon et al., 2011; Ramirez-Santiago et al., 
2010). 
A few studies on the effect of gelatin on the flow properties of yogurt were found and similar results 
were reported. Addition of gelatin induced an increase in the yield stress, consistency index 
(extracted from power law model, indicating the gel consistency), viscosity and pseudoplasticity of 
yogurt (Ares et al., 2007; Keogh & O'Kennedy, 1998; Teles & Flores, 2007). Gelatin was also 
reported to enhance the strength of the yogurt gel (Fiszman, Lluch, & Salvador, 1999), which may 
be because gelatin helped develop a stronger three-dimensional network in the yogurt (Ares et al., 
2007).  
2.2.2.2 Effect of gelatin on the textural properties of yogurt 
Texture is an important property of yogurt that is directly related to sensory perception. Texture of 
stirred yogurt can be affected by various factors, e.g., composition of milk, physical treatment of 
milk, culture used, manufacturing parameters and addition of stabilizers (Paseephol, Small, & 
Sherkat, 2008). 
Force-measuring instruments are the most common instruments used in texture analysis and there 
are several different ways to conduct instrumental texture measurement (Bourne, 2002). However, 
single compression (puncture test) and texture profile analysis (TPA) are the most commonly used 
methods in yogurt research (Beaulieu, Turgeon, & Doublier, 2001; Paseephol, Small, & Sherkat, 
2008; Puvanenthiran, Williams, & Augustin, 2002). 
The puncture test measures the force required to push a punch or probe into a food, while for TPA, 
the sample is compressed and decompressed to imitate the action of the jaw, and a number of 
textural parameters from the resulting force–time curve can be obtained. Figure 2-7 and Figure 2-8, 
respectively, show a typical puncture test and a typical Instron TPA curve of a milk gel. TPA curves 
generated from different instruments could be slightly different (Salvador & Fiszman, 1998). In 
Figure 2-7, the breaking force indicates the strength and mechanical resistance of the gel. In Figure 
2-8, the force of the first peak is defined as firmness. The ratio of area 2 and area 1 is defined as 
cohesiveness. The negative force area 3 is defined as adhesiveness. The distance from where the 
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food recovers from the first bite to the start of the second bite (BC) is defined as the springiness 
(Bourne, 2002). 
  
Figure 2-7. Typical profile for breaking force and penetration of gelatin gel (2.5% gelatin type B, pH 6.6), from TA–XT2 
Texture Analyser (Godalming, Surrey, UK). 
 
Figure 2-8. A generalized texture profile analysis curve obtained from TA–XT2 Texture Analyser (Godalming, Surrey, UK). 
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Gelatin was reported to change the yogurt gel from weak to firm with increasing concentration 
(Fiszman & Salvador, 1999). Another study on the effect of gelatin on corn-milk yogurt reported 
that increasing the level of gelatin increased firmness, adhesiveness and springiness of the products 
(Supavititpatana et al., 2008).  
2.2.2.3 Effect of gelatin on syneresis in yogurt 
Syneresis is defined as the collection of the separated whey on the surface of yogurt and is regarded 
as a defect (Keogh & O'Kennedy, 1998). Whey separation happens because of the local stresses in 
the yogurt network and subsequent breaking of protein strands. After the aggregation of caseins and 
denatured whey protein, the casein particles continue to rearrange themselves during storage which 
causes the whey to separate from the casein network (Pereira et al., 2003).  
Gelatin was reported to effectively reduce the syneresis of yogurt, keeping the gel more stable 
(Kalab, Emmons, & Sargant, 1975; Keogh & O'Kennedy, 1998). Addition of gelatin at 
concentrations ranging from 0.3% to 1.5% reduced the amount of whey separation until at 1.5% 
gelatin, there is no syneresis (Fiszman & Salvador, 1999). Gelatin-containing yogurt exhibits a 
significantly lower susceptibility to syneresis with relatively lower gel strength, compared to milk-
protein-fortified yogurt (Modler & Kalab, 1983). This may be because gelatin does not interact 
strongly with casein micelles, while the added milk proteins interact strongly with the original milk 
components. Gelatin reduces syneresis in yogurt possibly due to its own water holding capacity or 
the stabilization of the yogurt system by forming a gelatin network. However, the mechanism of 
reducing syneresis in yogurt by gelatin has not been well explored.  
2.2.2.4 Effect of gelatin on the microstructure of yogurt 
Microstructure observations can provide valuable information about structural changes in proteins 
during gelation (Hassan et al., 1995). There are several techniques available to analyze the 
microstructure of food matrices, among which scanning electron microscopy (SEM), transmission 
electron microscopy (TEM) and confocal scanning laser microscopy (CSLM) are the most 
commonly used in yogurt (de Jong & van de Velde, 2007; Sanchez et al., 2000; Walkenstrom & 
Hermansson, 1997). SEM offers rapid and simple specimen preparation and provides a three-
dimensional image (Kalab & Harwalkar, 1973). The microstructure of milk gels with 
polysaccharides has been studied extensively using SEM (Cavallieri & Cunha, 2009; Hood, Seifried, 
& Meyer, 1974; Sanchez et al., 2000). Cryo-SEM is a powerful technique for observing samples 
which are difficult to observe by conventional SEM; however, attention must be paid to the possible 
formation of artifacts by this method. The formation of ice crystals can displace structural elements 
and destroy the original structure (Kalab, Allanwojtas, & Miller, 1995). TEM was found useful in 
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studying the aggregation of micellar protein of milk (McMahon, Du, McManus, & Larsen, 2009) 
and heat-induced whey protein–gelatin mixed gels (Walkenstrom & Hermansson, 1996, 1997). 
CSLM is non-distructive for samples, as no fixation and/or dehydration is necessary, which 
minimizes the sample preparation time and artefacts. It has also been used widely in studies of milk 
gels (de Jong & van de Velde, 2007).  
Few studies have been published on the microstructure of yogurt containing gelatin. In the 1970s, 
Kalab, Emmons, and Sargant (1975) reported that the gelatin in yogurt could not be detected by 
either SEM or TEM, even at a very high concentration (10%). No clear microscopic differences 
were found between yogurt with and without gelatin, although the macroscopic differences were 
apparent. Fiszman, Lluch, and Salvador (1999) carried out a study using cryo-SEM, in which 1.5% 
gelatin was added to a acid skim milk gel. They found that a large difference in the microstructure 
of milk protein gels was induced by the addition of gelatin. Addition of gelatin changed the 
microstructure of acid milk protein gels from ragged and fuzzy to smooth and compact, and gelatin 
formed flat sheets or surfaces which interacted with the casein matrix and connected the granules 
and chains of milk proteins. Gelatin was observed in heat-induced whey protein gels at certain pH 
values (5.4, 6.8 and 7.5) as fine strands in the gaps of a coarse structure formed by the whey 
proteins; however, the gelatin strands and whey protein strands were indistinguisable at pH 3.0 
(Walkenstrom & Hermansson, 1996). In yogurt, the milk proteins, particularly caseins, form the 
matrix initially during fermentation, when gelatin exists as a liquid because of the high temperature; 
gelatin sets during cooling and storage of yogurt. Therefore, gelatin forms a gel based on the casein 
gel structure in yogurt.  
2.2.2.5 Effect of gelatin on the sensory characteristics of yogurt 
Sensory evaluation is defined as a scientific method used to evoke, measure, analyze and interpret 
the responses to products as perceived through the senses of sight, smell, touch, taste and hearing 
(Stone, Bleibaum, & Thomas, 2012). In this definition, ―evoke‖ indicates sensory evaluation is 
conducted under controlled conditions to avoid bias as much as possible. ―Measure‖ means the 
sensory evaluation is a quantitative science and numerical data are obtained to establish specific 
relationships between product characteristics and human perception. ―Analyze‖ shows that proper 
analysis of the data is an important part of sensory testing. ―Interpret‖ is related to drawing the 
conclusion from the data and results (Harry & Hildegarde, 2010). The field of sensory evaluation 
has grown rapidly in recent decades, along with the expansion of the processed food and consumer 
products‘ industries. This method of analysis has also been applied widely to yogurt research (Dello 
Staffolo et al., 2004; Isleten & Karagul-Yuceer, 2006; Janhoj et al., 2006; Modler et al., 1983; 
Saint-Eve et al., 2006). 
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Addition of hydrocolloids to foods can improve their sensory properties by increasing the viscosity, 
providing smoother mouthfeel and enhancing the flavor release. They are not supposed to introduce 
extra taste into food. Gelatin, as mentioned before, is a colorless and flavorless substance. It can 
improve the texture of yogurt without introducing any extra flavor. Besides, a gelatin gel melts at 
human body temperature, which imparts a favorable mouthfeel to yogurt (Lefebvre & Antonov, 
2001a). The effect of gelatin on sensory properties of yogurts has been previously studied and has 
been compared to that of other stabilizers. Gelatin showed a neutral taste, therefore it did not 
influence the final product acceptance negatively at a moderate concentration (Fiszman, Lluch, & 
Salvador, 1999). It is reported that gelatin had a beneficial effect on the sensory properties of mango 
soy-fortified set yogurt up to a concentration of 0.4%. At higher concentrations, scores for color, 
body and texture, flavor and overall acceptability were decreased (Kumar & Mishra, 2004). 
Addition of gelatin (0.3 and 0.6 %) and starch (0.1, 0.5 and 1%) to stirred yogurt resulted in 
different sensory properties; samples produced with 0.6% gelatin showed the highest scores for 
sensory viscosity, creaminess and mouthfeel (Ares et al., 2007), which may have a positive effect 
on consumer acceptability. The optimum application concentration is dependent on the properties of 
the gelatin (such as bloom) and type of yogurt products. However, Koksoy and Kilic (2004) found 
that gelatin had a negative influence on the taste of a yogurt drink even at a low concentration of 
0.25%. It introduced an unfamiliar taste and odour to the product.  
Flavour is an important sensory property of yogurt. The perception of flavor is considered as a 
combination (in the brain) of two senses, the sense of smell and the sense of taste (Delwiche, 2004; 
Guichard, 2002). Therefore flavor can be broken down into two major components, the volatile 
compounds that are sensed by the olfactory epithelium (aroma) and the non-volatile compounds that 
are sensed by the taste buds on the tongue (taste) (Baek et al., 1999; Boland, Delahunty, & van Ruth, 
2006). The effect of gelatin on flavor of yogurt has not been studied thoroughly for these two 
components. However, it has been shown that gelatin has good flavor release and perception 
properties, even at high concentration (Boland, Delahunty, & van Ruth, 2006). Gelatin could 
maintain good salt release and mixing behavior at high concentrations and it was reported that the 
release of the tastant rather than aroma release/binding is the dominating factor for perceived flavor 
intensity from gels (Boland, Delahunty, & van Ruth, 2006). Also, the melt-in-the-mouth property of 
gelatin has a positive effect because there is an additional mechanism for tastant release (melting 
and subsequent mixing with saliva) (Koliandris et al., 2008).  
2.2.2.6 Relationship between sensory properties and instrumental texture parameters 
Since sensory evaluation involves a comparatively high cost for the training and running of sensory 
panels, and also has a problem of subjectivity, an attempt to correlate the sensory results and 
 22 
 
instrumental parameters has been made by many researchers, (Ares et al., 2007; Baldwin et al., 
1998; Spanier, Vercellotti, & James, 1992; Szczesniak, 1987). It would be more efficient, cost 
effective and repeatable if we could use instrumental texture parameters to describe the sensory 
properties and it would be easier to evaluate a large number of gelatin alternatives in yogurt. Teles 
and Flores (2007) reported that all sensory descriptors were well predicted by the partial least 
square (PLS) regression of the instrumental parameters (percentage variance explained higher than 
89%). Sensory non-oral (viscosity and ropiness) and oral texture parameters (mouthfeel and 
creaminess) were positively correlated to instrumental texture parameters such as yield stress and 
consistency coefficient, and negatively correlated to syneresis and flow behavior index (an 
extracted parameter from flow curve of rheology) (Ares et al., 2007). Canonical correlation analysis 
has also been shown to be a useful technique to maximise correlation between two independent sets 
of data in acid milk gels.  All the sensory descriptors could be modelled with the instrumental 
information available, with canonical R
2
 above 85%, except surface water (whey separation) and 
smoothness (Pereira et al., 2003). These studies provided some basis for predicting sensory texture 
parameters based on instrumental data. 
Although gelatin has been shown to significantly improve the rheological, textural, sensory and 
water holding properties of low fat yogurts, it is not acceptable to certain consumer groups because 
of their religious beliefs and vegetarian lifestyle choices. Hence, finding an alternative to gelatin has 
gained significant interest in both industry and research and considerable effort has been put into 
finding alternatives for gelatin in food applications (Karim & Bhat, 2009). Although an ideal 
alternative to gelatin has not been found yet, the following sections discuss various approaches that 
have been utilized by researchers. 
2.3 Potential ways to replace gelatin 
An overview of research literature and patents has revealed the following three approaches for 
substituting gelatin in yogurt: using polysaccharides as stabilizers, milk protein fortification and 
physical treatments. 
2.3.1 Polysaccharides  
Polysaccharides are polymeric carbohydrates, formed of repeating units which are joined together 
by glycosidic bonds (Suggett, 1975). A range of polysaccharides (such as pectin, xanthan, guar, 
carrageenan, starch) are widely used in food industry, functioning as agents for thickening, gelling 
and stabilizing foams, emulsions and dispersions. They have significant influence on the textural 
and sensory properties of food products (Phillips & Williams, 2009).  
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Some patents have already disclosed several gelatin replacers containing polysaccharides. One 
patent (Vom Dorp & Bollinger, 2002) claimed that wheat fibers and modified starch, mixed in a 
ratio of 40:60 to 80:20, can replace gelatin effectively. The fruit yogurt with these stabilizers had a 
good mouthfeel and has similar organoleptic characteristics as gelatin-stabilised yogurt. In another 
patent (Stenhouwer & Knip, 2002), a formula including unsaturated emulsifier, milk- and/or soy 
protein and carbohydrate was disclosed. 
Polysaccharides can generally be classified into two groups, ionic hydrocolloids (e.g. xanthan CMC, 
pectin, κ-carrageenan) and non-ionic hydrocolloids (e.g. guar, LBG). The ionic stabilizers are 
generally carboxylated or sulphated and have isoelectric points around or below 3. Complex 
coacervation is observed when the pH is between the pI of the hydrocolloid and the pI of the protein, 
where the two biopolymers carry opposite charges (Dickinson, 1998; Syrbe, Bauer, & Klostermeyer, 
1998). They stabilize the yogurt system according to the mechanism of adsorbing polymer 
discussed in Section 2.1.5.1. The ionic gums interact with the positive charges on the surface of 
casein micelles to strengthen the casein network. The non-ionic gums stabilize yogurt by increasing 
their viscosity and fall into the category of non-adsorbing polymers (see Section 2.1.5.1). The 
stabilization of the system reduces the rearrangement of the casein network during yogurt storage, 
thereby reducing syneresis. 
2.3.1.1 Ionic polysaccharides 
i. Carrageenans 
Carrageenans are sulphated polysaccharides extracted from red seaweed (van de Velde et al., 2002). 
They are large, highly flexible molecules and have helical structures. Carrageenans are high-
molecular-weight polysaccharides, made up of repeating galactose units and 3,6-anhydrogalactose 
(3,6-AG), both sulphated and non-sulfated (Nussinovitch, 1997). The units are joined by alternating 
α (1→3) and β (1→4) glycosidic linkages. There are three main kinds of carrageenan, named κ, ι, λ- 
carrageenan. κ-Carrageenan forms strong, rigid gels in the presence of K+ and reacts with dairy 
proteins. ι-Carrageenan forms a soft gel in the presence of Ca2+ (Drohan et al., 1997). λ-
Carrageenan does not gel and can be used as a thickener (Nussinovitch, 1997; Weinbreck et al., 
2004). The gelation is a result of a molecular transition upon cooling from the random coil into a 
rigid helical conformation, followed by aggregation into larger aggregates (Rochas & Rinaudo, 
1984). Carrageenan gels are pseudoplastic. They thin under shear stress and recover their viscosity 
once the stress is removed. Carrageenan gels are thermo reversible (Nishinari, Koide, & Ogino, 
1985), which is an important characteristic for a gelatin replacer.  
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WPC/λ-carrageenan mixed systems showed an existence of attractive interactions, observed by 
fluorescence spectroscopy, absorption spectroscopy in the presence of methylene blue (MB), and 
confocal laser scanning microscopy (Perez et al., 2009). Strong gels could be formed between κ-
carrageenan and WPI over a broad pH range (Mleko, Li-Chan, & Pikus, 1997). In 
carrageenan/casein systems, it was reported that the interaction occurred only after the coil-helix 
transition of carrageenan, which happened under 47 ˚C. The interaction was attributed to charge 
density and adsorption entropy (Langendorff et al., 1999). It has also been shown by microstructural 
study that κ-carrageenan can adsorb to the surface of the casein micelles (Spagnuolo et al., 2005). In 
yogurt, carrageenan forms very thin and long fibers, observed by SEM or TEM. The fibers connect 
casein micelles throughout the whole yogurt gel (Kalab, Emmons, & Sargant, 1975). 
ii. Pectin 
Pectin is a structural polysaccharide contained in the primary cell walls of terrestrial plants (Willats 
et al., 2001). It is produced commercially from citrus fruits and used in food mainly as a gelling and 
thickening agent, and stabilizer. According to the degree of methylation (DM), pectin is divided 
into high-methoxy pectin (HM) (more than 50% of the carboxyl groups are methylated) and low 
methoxy (LM) pectin (less than 50% of the carboxyl groups are methylated) (Lofgren, 
Walkenstrom, & Hermansson, 2002).  
The degree of methylation greatly affects the gel formation of pectin. High methoxyl (HM) pectin 
gelation occurs in an acidic environment (pH 3) and in the presence of a co-solute, usually sugar 
(Lofgren, Walkenstrom, & Hermansson, 2002). The network structure in HM pectin gels is based 
on hydrophobic interactions and hydrogen bonds. LM pectin gelation occurs in the presence of Ca
2+
 
ions, both with and without sugar. The G′ of LM pectin gel increases with increasing calcium 
content, but syneresis or precipitation of the pectin chains may occur if the calcium level is too high 
(Everett & McLeod, 2005; Lofgren, Walkenstrom, & Hermansson, 2002; Syrbe, Bauer, & 
Klostermeyer, 1998). The structure of the mixed gel of HM and LM pectin is very different and less 
aggregated than the pure gels, which is attributed to interaction between the two kinds of pectin 
during gel formation, thereby hindering secondary aggregation leading to the aggregated networks 
(Lofgren, Walkenstrom, & Hermansson, 2002). 
Interaction of pectin (LM, HM) and casein micelles has been studied using dynamic light scattering 
and viscometric methods and it was found that the pectin/casein interaction was pH dependent 
(Maroziene & de Kruif, 2000). It was also reported previously that the G′ of yogurt was not 
changed significantly by the addition of LM pectin at low concentration (Everett & McLeod, 2005). 
The effect of LM on acid sodium caseinate gels was reported  to be sensitive to Ca
2+
 and a 
substantial reduction in gel strength was observed in the absence of Ca
2+
, while opposite results 
 25 
 
were found in the presence of Ca
2+ 
(Matia-Merino, Lau, & Dickinson, 2004). A study on mixtures 
of whey protein–LM pectin found that the gelation properties of the mixtures also depended on the 
charge density and that concentration was critical to obtain the required gel strength (Zhang & 
Vardhanabhuti, 2014), which is in agreement with the mechanism discussed in Section 2.1.5.1. 
Similar results were reported in yogurt with LM pectin (Everett & McLeod, 2005). Large protein 
aggregates were observed in an acid milk beverage with low concentrations of pectin and small 
discrete protein particles were observed with higher concentrations (≥0.3%). They both had a 
smaller average particle size compared to that of unstabilized beverages (Lucey et al., 1999). 
iii. Xanthan gum 
Xanthan gum is a very important industrial microbial polysaccharide, produced by the bacterium 
Xanthomonas campestris (Garcıa-Ochoa, Santos, Casas, & Gomez, 2000). Xanthan gum is a 
heteropolysacchaaride with a primary structure consisting of repeated pentasaccharide units. The 
existence of acetic and pyruvic acid in the molecules makes xanthan gum an anionic polysaccharide 
(Garcia-Ochoa et al., 2000). It has high viscosity at low concentration, excellent solubility and 
stability in an acid system and shear-thinning property (Garcia-Ochoa et al., 2000; Moorhouse, 
Walkinshaw, & Arnott, 1976). At high temperature and low ionic strength, xanthan exists in 
solution as a disordered coil, but on cooling and/or addition of salt it undergoes a conformational 
transition to a 5-fold helix which is a rigid, ordered structure. And the disorder–order transition is 
fully reversible, with no detectable thermal hysteresis. Solutions of ordered xanthan flow freely, but 
at concentrations above 0.3%, they are highly viscous (Agoub et al., 2007).  
Xanthan gum has been suggested to be used as a stabilizer in yogurt to adjust the viscosity and 
reduce serum separation. However the amount of the stabilizer must be well controlled, otherwise, 
negative effects on sensory properties could result (El-Sayed et al., 2002; Teles & Flores, 2007). 
Addition of 0.01% xanthan gum induced smaller pores in the yogurt microstructure than those in 
yogurt without stabilizer, and less syneresis (Garcia-Ochoa et al., 2000). The gel formed by a 
combination of xanthan and konjac glucomannan (KGM), was also studied (Agoub et al., 2007). A 
large reduction in strength was observed when the mixed gels prepared in the pH range 4.0-3.5 were 
heated from room temperature of 20 ˚C to normal body temperature (37 ˚C), which is a typical 
property of gelatin (Agoub et al., 2007). This property could indicate the potential of a combination 
of xanthan and KGM as a gelatin replacement. 
iv. Starch 
Starch is a product from various plants, such as wheat, maize, rice and potatoes. It mainly contains 
two types of structurally distinct polysaccharides: amylose (a linear polymer) and amylopectin 
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(multi-branched polymer), and the composition varies according to the botanical origin of the starch 
(Morris, 1990). Starch was also reported to gel on cooling; however, solubilization of sufficient 
quantities of amylose was required for the gelation (Morris, 1990). The leached amylose forms a gel 
network in which the swollen granules are trapped. The gelation was partly reversible upon heating, 
which is related to the reversible crystallization of amylopectin (Hansen, Hoseney, & Faubion, 
1991). The same authors also studied the texture properties of amylomaltase-modified starches and 
suggested gelatin-like gels could be generated from these starches (Hansen et al., 2008).  
In the presence of protein, starch interacts with protein through electrostatic interactions (Schmidt, 
Herald, & Khatib, 2001). It was reported that both NaCn and WPI adsorbed to normal and waxy 
rice starch granules, which was concluded from SDS-PAGE results. However, the adsorption of 
WPI was lower than NaCn, because casein molecules have highly flexible structures compared to 
the more rigid structure of globular whey proteins (Noisuwan et al., 2011). The gel strength of acid 
milk gels was increased with addition of increasing levels of potato starch; this was attributed to the 
uptake of water by starch and increase in local protein concentration (Oh et al., 2007). 
Starch has been used in yogurt widely. It can improve the properties of yogurt significantly. Flat 
sheets and smaller casein clusters are typical in starch-containing yogurt. In yogurt with waxy 
maize starch, no grains were observed from microstructure analysis. The fibers, which link clusters 
of casein particles in yogurt, had numerous short free terminations (Kalab, Emmons, & Sargant, 
1975). Schmidt, Herald, and Khatib (2001) studied the use of starch as a stabilizer in set-style 
yogurt. A range of physical textures to meet consumers‘ expectations were obtained by using 
different wheat starches. All yogurt treatments retained their initial texture quality with limited 
syneresis. The physical properties, like firmness and storage modulus, of yogurt formulated with 
native wheat starch were similar to those of gelatin-stabilized yogurt. However, Ares et al. (2007) 
reported that starch was not as efficient as gelatin in yogurt.  Wheat starch did not reduce syneresis 
or increase consistency, but both gelatin and xanthan gum/LBG did (Keogh & O'Kennedy, 1998).  
The inconsistencies in results between different studies may be due to the different sources of starch 
used. A more comprehensive study of starch as a stabilizer in yogurt needs is warranted.  
2.3.1.2 Non-ionic polysaccharides 
i. Guar gum 
Guar gum is galactomannan-rich flour, extracted from the seeds of the leguminous plant Cyamopsis 
tetragonoloba (L.) Taub (Chudzikowski, 1971). Guar gum can disperse in the aqueous phase 
providing high viscosity. Serum separation from yogurt could be prevented by high concentrations 
of guar gum. At high concentrations of guar gum, the casein particles become very compact, 
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sponge-like and with decreased pore size, and there is a large increase in porosity of the network 
(Koksoy & Kilic, 2004). The viscous solution may also inhibit the breakage of inter-aggregate 
bonds under strain, making the yoghurt more solid-like (Everett & McLeod, 2005). 
ii. Locust bean gum 
Locust bean gum (LBG) is a galactomannan extracted from the seeds of the carob tree (Garcia-
Ochoa & Casas, 1992). LBG is another non-ionic polysaccharide that has been used widely as a 
thickening agent in the food industry. It consists of a β (1→4) D-mannose backbone that is 
irregularly substituted at C6 with α-D-galactose; the composition of the mannose and galactose 
depends on the botanical source and the method of extraction (Lundin & Hermansson, 1995). LBG 
was reported to have similar effect on yogurt as guar gum (Everett & McLeod, 2005). It forms 
transparent thermoreversible elastic gels when mixed with xanthan, which is promoted by the 
intermolecular bonding between the backbone of the LBG galactomannan and xanthan chains 
(Agoub et al., 2007; Lundin & Hermansson, 1995; Zhan et al., 1993). The gelling temperature of 
the combination was reported to be affected by the ratio of the two agents and the molecular weight 
of LBG (Lundin & Hermansson, 1995). It has also been reported that both gelatin and xanthan/LBG 
increased the consistency of yogurt (Keogh & O'Kennedy, 1998); this makes the combination of 
xanthan and a galactomannan interesting for our research. 
2.3.1.3 Others 
There are other materials we need to consider, such as inulin and sugar. Inulin is a water-structuring 
agent which acts as a thickener. It can increase the sensory attributes ―thick‖, ―airy‖ and ―sticky‖, 
thereby positively affecting the creamy mouthfeel of low fat yogurt (Kip, Meyer, & Jellema, 2006). 
The addition of sugar can substantially increase the stiffness of the gel. Confocal micrographs show 
the mean pore size in the casein gel structure is 5-10 times larger in the sugar-free system as 
compared with the gel containing 60% sucrose (Dickinson, 2006). The inclusion of sucrose in acid-
induced caseinate gels promoted stronger and more fine-stranded gels while re-arrangements of the 
network were prevented (Pugnaloni, Matia-Merino, & Dickinson, 2005). 
2.3.2 Milk protein fortification 
In general, increasing the total solids content of acid milk gels increases their firmness, resistance, 
cohesiveness and adhesiveness (to spoon and hands) (Pereira et al., 2003). A change from mushy, 
curdled-milk-like consistency to cottage cheese-like consistency can be seen in milk gels with 
increasing total solids, so controlling the milk solids content at a reasonable level is helpful for 
improving the properties of a milk gel like yogurt without gelatin (Damin et al., 2009; Karam et al., 
2013; Pereira et al., 2003). There are many different kinds of milk proteins with different properties 
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(Marafon et al., 2011; Sodini et al., 2004). A study of the individual protein‘s effects of yogurt is 
necessary in the search for a gelatin substitute. 
Many different milk solid ingredients have been used for fortification of yogurt, such as skim milk 
powder (SMP), WPC, WPI, NaCn and calcium caseinate (CaCn). Because of their different 
compositions, they introduce different changes in the milk gel and yogurt. 
Addition of whey proteins had a detrimental effect on consistency, firmness and overall acceptance 
of yogurts (Soukoulis et al., 2007), but yogurts fortified with WPC showed less syneresis and lower 
firmness than control yogurt without fortification (Guzman-Gonzalez et al., 1999). The effect of 
whey proteins on milk gels differs greatly depending on whether they are denatured or not (Lucey, 
Munro, & Singh, 1999). Denatured WPC was reported to cause an increase in pH of gelation, 
reduction in gelation time and increase in G′ compared with a control acid milk gel, while native 
WPC resulted in a reduction in the G′ and yield stress of the gel (Lucey, Munro, & Singh, 1999). 
The authors suggested that native whey proteins do not contribute to the gel matrix, acting as inert 
filler in acid milk gels, while denatured whey proteins associate with casein micelles during heat 
treatment and act as bridging material by interacting with other denatured whey proteins (Lucey, 
Munro, & Singh, 1999). A further study indicated that the soluble denatured whey proteins have a 
more direct relationship with the final G′ of milk gels than the level of denatured whey proteins 
(Anema, Lowe, & Li, 2004). Anema et al. (2004) heated milk samples at different pH (6.5~7.1) to 
produce different levels of whey proteins associated with the casein micelles. The higher the pH at 
heating, the more soluble whey proteins are present. It was found that increasing the pH at heating 
decreased the gelation time, increased the gelation pH, and increased the final G′ of acid set gels. 
Non-fat yogurt supplemented with NaCn has a significantly higher yield stress, G′ and firmness 
compared with plain yogurt, but more syneresis and a coarser texture were observed (Damin et al., 
2009); this can be attributed to the imbalance in yogurt protein composition with large casein 
particle clusters and robust micellar chains resulting in a more open protein matrix (Keogh & 
O'Kennedy, 1998). Different forms of caseins have different effects on stirred yogurt. Keogh and 
O'Kennedy (1998) reported that the effect of NaCn on consistency was greater than that of micellar 
casein. Addition of micellar casein increased the level of calcium while addition of NaCn increased 
the level of sodium, and calcium has a greater tendency to inhibit coagulation of casein than sodium 
in acid milk gels. 
SMP was reported to improve the textural quality and decrease the vulnerability of yogurt to 
syneresis (Soukoulis et al., 2007). The effect of different types of milk proteins on yogurt was 
compared. Sodini et al. (2004) ranked the proteins according to their capacity to increase the 
complex viscosity of yogurt. Their results showed that yogurt fortified with denatured WPC had the 
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highest complex viscosity, followed by those fortified with NaCn, low-heat SMP and native WPC. 
They attributed these differences to the interaction between fortified proteins and the original milk 
components like casein micelles and homogenized fat globules. Saint-Eve et al. (2006) investigated 
the impact of protein composition at a constant protein level on the properties of stirred yogurt. 
NaCn-fortified yogurt exhibited highest G′ values and highest complex viscosity while WPC-
fortified yogurt had the lowest values. The enrichment of milk base with NaCn was reported to be 
responsible for the low water holding capacity in another study and WPC for a high level of 
graininess. A blend of NaCn and WPC can improve the viscosity of yogurt without causing 
graininess defects (Remeuf et al., 2003).   
The effect of milk proteins on the microstructure of yogurt has also been studied. WPC-containing 
yogurt presented a more uniform distribution to the gel with fine strands and smaller pores (Saint-
Eve et al., 2006). NaCn induced formation of large and extensively fused micelles in yogurt, while 
in yogurts fortified with SMP and MPC, casein micelles were held together by short links (Modler 
& Kalab, 1983; Tamime, Kalab, & Davies, 1984). CaCn induced a fine and homogenous structure 
in yogurt. It was attributed to the possible role of calcium bridges in limiting micelle fusion 
(Remeuf et al., 2003). 
2.3.3 Physical treatments 
Physical treatments of yogurt milk can change the structure of the protein in milk, thereby 
influencing the final properties of yogurt. The most commonly used and studied treatments are 
heating and high pressure treatment. 
2.3.3.1 Heat treatment 
In yogurt manufacture, milk is usually heated according to the following temperature/time 
combinations: 85 ˚C for 30 min or 90-95 ˚C for 5 min. Ultra high temperature (UHT) was reported 
not suitable in yogurt manufacture, which induces low viscosity (Krasaekoopt, Bhandari, & Deeth, 
2003). The heat treatment of milk has been proven to be crucial to the properties of final yogurt 
(Lee & Lucey, 2010; Parnellclunies et al., 1988). It decreases the number of spoilage organisms in 
the milk to provide a better environment for the starter cultures to grow (Needs et al., 2000). More 
importantly for the physical properties of yogurt, the heat treatment denatures the whey proteins, 
which allows the proteins to form a more stable gel and prevents separation of the whey during 
storage (Lee & Lucey, 2010).  
Preheat treatment of skim milk below 70 ˚C has no effect on gel firmness and water-holding 
capacity of acid-milk gel (Hashizume & Sato, 1988a), while heating milk at temperatures above 80 
˚C for more than 15 min can increase firmness, water holding capacity, the storage modulus (G′) 
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and gelation pH, reduce the gelation time of acid milk gel, compared to unheated milk (Anema, 
Lowe, & Li, 2004; Hashizume & Sato, 1988a; Lucey et al., 1999). This is attributed to the 
denaturation of whey protein at 80 ˚C, thereby exposing sulfhydryl (-SH) groups which interact 
with S-S bonds of κ-casein to form β-Lg/κ-casein complexes (Dannenberg & Kessler, 1988; 
Hashizume & Sato, 1988a). In their subsequent research, these authors found that -SH groups and 
S-S bonds, which were buried in the molecules of whey proteins in their native state, became 
accessible following heat treatment at 80 ˚C (Hashizume & Sato, 1988b). The increased gelation pH 
of yogurt might be related to the aggregation of denatured whey protein during the acidification of 
milk. Also the interaction between whey proteins and casein micelles on heating may increase the 
hydrophobicity of the micelle surface which promotes aggregation (Lucey et al., 1997a).  
Heat treatment also has a great effect on the microstructure of acid milk gels. Generally, gels made 
from heated milk show more regular structure with smaller pores and thinner, straighter strands than 
those from unheated milk (Lucey et al., 1999). The protein clusters connect with each other more in 
gels made from heated milk (Pereira et al., 2003). With relatively low heat intensity heating, only 
filaments of denatured β-Lg develop on the micellar surface and offer a barrier to micelle fusion 
when milk is fermented, which leads to inferior yogurt texture (Mottar et al., 1989). While at higher 
heat intensities (90 ˚C for 10min), α-La also precipitates onto the micelle, filling up the gaps formed 
by the β-Lg filaments and inducing a smoother micellar surface (Mottar et al., 1989).  
2.3.3.2 High pressure treatment 
The application of high-pressure processing of food has attracted more and more interest recently. 
High-pressure disrupts non-covalent bonds in macromolecules, causing denaturation, aggregation 
and gelling, with little effect on small molecules that are critical for flavor, color and nutrition of 
food (Datta & Deeth, 1999).  
High pressure treatment can modify the physical properties of yogurt. It was reported that high-
pressure treatment at 600 MPa could induce higher apparent viscosity and gel strength in stirred 
acidified skim milk gels than in untreated milk (Knudsen et al., 2006). High-pressure 
homogenization (HPH) (up to 400 MPa) was also reported to produce yogurts with higher gel 
strength, higher gel firmness and less syneresis compared with conventionally treatment 
(homogenized at 15-20 MPa) of milk fortified with 3% skim milk powder (Serra et al., 2007). 
Native casein micelles are sterically stabilized by the calcium-insensitive κ-casein. High-pressure 
treatment can disturb the internal hydrophobic interactions and dissociate the colloidal calcium 
phosphate, inducing destabilization of casein micelles. On reducing the pressure again the micelles 
reassociate into smaller and more irregularly shaped aggregates (Dickinson, 2006). This might 
enhance the gelation of milk during acidification. 
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2.4 Conclusions  
Stabilizers are very important in yogurt making, especially in low fat yogurt, for providing good 
stability and desirable texture. Gelatin is a special stabilizing agent in yogurt which displays a 
variety of functions including gelling and surface activity without inducing unwanted flavor and 
color. Gelatin also has a unique characteristic ―melt-in-mouth‖ property, which impart a favorable 
sensory perception to yogurt. 
However, gelatin, as an animal product, has decreasing acceptability in food applications because of 
the religious issue and increasing vegetarian population. The way to replace gelatin is to mimic the 
properties of gelatin in yogurt to improve both the textural and sensory properties of yogurt without 
gelatin. 
A pure gelatin gel is formed by hydrogen bonds which connect the gelatin coils back into a triple-
helix collagen-like structure. When gelatin exists together with milk proteins, ionic bonds can be 
introduced between milk proteins and gelatin. A thorough study is required on the interaction 
between gelatin and milk proteins, especially under yogurt conditions.  
Three potential ways to replace gelatin are addition of polysaccharides, milk protein fortification 
and physical treatment of the yogurt milk. Polysaccharides can be divided into two groups: ionic 
and non-ionic polysaccharides. The former functions mainly through electrostatic interactions, 
while the latter stabilize milk systems by increasing the viscosity. Thermally reversible gels can be 
formed by certain types of polysaccharides, i.e. κ/ι-carrageenan, starch and combinations of xanthan 
and galactomannans.  Increasing the total solids content of yogurt can increase the gel strength and 
viscosity, and decrease syneresis. Different types of milk proteins have radically different effects on 
yogurt. Physical treatments improve the properties of yogurt by changing the structure of the 
proteins in milk. Heat and high pressure treatments can increase firmness and water-holding 
capacity of acid milk gels and induce a more defined, smoother structure of yogurt. Only 
polysaccharides and milk fortification will be explored in this research due to their potential for 
replacing gelatin in yogurt.  
The techniques used to evaluate the properties of yogurt or milk gels are mainly rheology, texture 
analysis, microscopy and sensory analysis. They provide the information about yogurt from a macro 
level to the micro level, from physical aspects to sensory aspects. Hence, unlike many other studies, 
our study focuses on utilizing all four techniques to evaluate potential gelatin replacers in simulated 
acid milk gels and yogurt. 
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3 Effect of milk proteins on the rheological, textural and 
microstructural properties of gelatin gels  
3.1 Introduction 
Gelatin is an animal protein produced from collagen (Boran, Mulvaney, & Regenstein, 2010). It has 
high flexibility of the polypeptide chains and a non-random occurrence of imino acids (i.e., proline 
or hydroxyproline) in its sequence which is unusual among the gel-forming agents (Karim & Bhat, 
2009). The intermolecular contacts in gelatin gels are hydrogen bonds, which make the gels 
thermally reversible. Specifically, a gelatin gel melts below human body temperature, which gives it 
the well-known ―melt-in-mouth‖ property (Djabourov, 1988). These unique properties make gelatin 
an important and widely used biopolymer in the food industry. However the properties of gelatin 
gels are affected by factors such as pH and concentration. Gelation of a gelatin solution and 
subsequent changes in the gel network arise through the partial return of disordered gelatin 
molecules (coil) to the collagen-like structure (polyproline II helix) (Djabourov, Lechaire, & Gaill, 
1993). It has been reported that at low gelatin concentration, three regions of the helix may be 
derived from one chain to give an intramolecular collagen-like structure which makes no 
contribution to the gel network. At higher gelatin concentrations, the three regions of the helix can 
come from two or three different chains, so that useful junction zones that induce gelation can be 
formed (Djabourov, 1988). Although gelatin provides stable gels over a very wide range of pH 
values, pH should still be considered in gelatin gelation. pH can greatly affect the viscosity of 
gelatin solutions, which is minimum at its isoelectric point (IP) because of the maximum molecular 
folding at that pH (Petrie and Backer, 1970). It was reported that aggregation of gelatin type A (IP 
9.0) increased and the gelatin gel turned from transparent to opaque as the pH was increased from 
5.4 to 7.5 (Walkenstrom & Hermansson, 1997). Gelation of both gelatin type A and B is inhibited 
greatly and the gel strength is low outside the pH range 4.0-10. This is attributed to strong 
electrostatic forces that inhibit the ability of chains to form junction zones (Bello, Vinograd, & 
Bello, 1962). 
Milk protein−gelatin mixtures are widely used in food products, as they play an essential role in the 
texture and stability of many food systems. Gelatin is also used widely for modifying the texture 
and shelf-life of dairy-based foams, gels, dispersions and emulsions (Hemar et al., 2010; Koh, 
Merino, & Dickinson, 2002). The interaction between milk proteins and food hydrocolloids has 
been reviewed extensively (Dickinson, 1998; Lal, O'Connor, & Eyres, 2006; Syrbe, Bauer, & 
Klostermeyer, 1998). Hydrocolloids can be classified as non-ionic and anionic, which determines 
the behavior of protein−hydrocolloid dispersions (Syrbe, Bauer, & Klostermeyer, 1998). Gelatin is 
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expected to interact with milk proteins at pH values where the two polymers carry opposite charges. 
Gelatin A (IP 9.0) interacts with the oppositely charged micellar casein at pH 6.7, while gelatin B 
(IP 5.0) does not (Lefebvre & Antonov, 2001b). However, in the gelatin A−whey proteins system, 
no interaction has been observed at pH 4.6 or 5.4 (Walkenstrom & Hermansson, 1994). Therefore, 
the milk protein type plays an important role in mixed system. In most previous studies of milk 
protein−gelatin system, milk proteins have been denatured either by heating or acidification, which 
leads to gelation of the milk proteins (Fiszman & Salvador, 1999; Koh, Merino, & Dickinson, 2002; 
Walkenstrom & Hermansson, 1996). 
Gelatin B is the most available gelatin type in Australia and the type predominantly used in food 
industry. Therefore, gelatin B was mainly studied. The aim of this study was to investigate the 
effects of pH, concentration and addition of milk proteins on the gelling behavior of type B gelatin. 
A brief study on gelatin A was also done for comparison. Small deformation rheology, texture 
analysis and microscopy were used to investigate the properties of the gels. In this study, gelatin 
was the only gelling agent in the systems used to investigate the effect of milk proteins on gelation 
properties of gelatin. Gelatin means gelatin type B in this study unless otherwise stated. 
3.2 Materials and Methods 
3.2.1 Materials 
Two types of gelatin used in this study were supplied by Gelita (Beaudesert, Australia). One of 
them was a light colored edible bovine skin (type B) gelatin powder with bloom 200 and, and the 
other one was pigskin gelatin (type A) with bloom 255. The low heat milk protein ingredients, 
whey protein isolate (WPI, protein 93.9%, moisture 4.7%, fat 0.3%, lactose 0.4% and ash 1.5%), 
milk protein concentrate (MPC, protein 85%, moisture 7%, fat 2.5%, lactose 5.5% and ash 8.5%) 
and skim milk powder (SMP, protein 33%, moisture 3.6%, fat 0.9%, lactose 54.7% and ash 7.8%) 
were obtained from Murray Goulburn Co-Operative Ltd (Melbourne, Australia). SMP is the only 
milk powder which is produced using different pre-heating conditions.  Low-heat SMP, in which 
denaturation of the whey proteins is minimal, was used in this study. Its pre-heat treatment is 
typically ~ 70°C for 15 s (Deeth and Hartanto, 2009). Both MPC and WPI are produced with 
similar pre-heating conditions which cause little denaturation of whey proteins.   
3.2.2 Methods  
3.2.2.1 Sample preparation 
Solutions with three concentrations (1.0, 2.5 and 5.0%, w/v) of gelatin (only 2.5% was studied for 
gelatin A) were prepared by allowing the gelatin to swell in distilled water overnight (about 15 h) 
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followed by heating at 45 ˚C for 30 min to dissolve it. Then 1 M NaOH or HCl was used to adjust 
the pH to 3.0, 4.6, 5.3, 6.6 or 8.0. In mixed gels, the milk protein concentration used was 4.5% 
(w/w), which was obtained by adding the appropriate amounts of WPI, SMP or MPC (only WPI 
and MPC were studied for gelatin A). Milk powders and gelatin were dissolved together in distilled 
water overnight followed by heating at 45 ˚C for 30 min. The pH was then adjusted to 6.6 and 8.0 
for gels containing MPC and SMP, since MPC and SMP easily form aggregates at pH < 5.3, and to 
3.0 to 8.0 for WPI-containing gels. 
3.2.2.2 Small deformation rheological measurement 
Dynamic oscillatory measurements were performed on a stress-controlled rheometer (Model AR-
G2, TA Instruments, Elstree, UK). Test samples were poured at about 45 ˚C onto the bottom plate 
of the rheometer, and a cone (4 cm, diameter; 2
o
 angle) and plate geometry was used. A strain 
sweep test revealed that 0.5% strain at 1Hz frequency was within the linear viscoelastic region 
(LVR) for the samples. The measurements were carried out in a three-stage process (Salvador & 
Fiszman, 1998): 
a. Cooling: equilibration at 40 ˚C and a temperature sweep to 10 ˚C at a cooling rate of 1 ˚C 
/min to promote gelatin gel formation. 
b. Annealing: a time sweep at 10 ˚C for 2.5 h to observe the maturation of the gelling samples. 
c. Heating: a temperature sweep from 10 to 40 ˚C at a heating rate of 1 ˚C/min to observe 
melting of gelatin gels. 
The gelling (TG) and melting (TM) temperatures were calculated when there were appreciable 
increases and decreases, respectively, in complex viscosity (η*), and two values were obtained for 
each temperature to calculate the average gelling and melting temperatures. The complex viscosity, 
η* was defined as in Eq. (1): 
  
where, G′ = storage modulus, G″ = loss modulus and ω = frequency. Following the procedures in 
Sopade, Halley, & Junming (2004):  
i. The cross-over temperature was obtained when G″ equals G′ or loss tangent, which is the ratio of G″ 
to G′, equals to 1. 
ii. Temperature of maximum or minimum change in complex viscosity per unit change in temperature. 
This was defined as the point of inflection. It was obtained by differentiating the complex viscosity 
with respect to temperature (first derivative, dη*/dT) and finding the temperature when the 
derivative was zero (= 0).  
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3.2.2.3 Texture analysis 
Texture measurements were performed using a TA–XT2 Texture Analyzer (Godalming, Surrey, 
UK). Samples were transferred to an incubator at 10 ˚C after the pH was adjusted, kept for 2.5 h 
before measurement. The samples were taken out from the incubator right before analysis and 
immediate measurements were conducted to avoid significant changes in temperature. The probe 
used was cylindrical with a flat base of 12.7 mm diameter, operating at a speed of 1 mm/s. The 
sample height was 30 mm in a cylindrical container of about 40mm. The probe penetrated the gel 
during a total displacement of 10 mm. Two parameters were obtained from the force−time curves: 
(a) fracturability (N/mm), defined as the force at the first significant break in the curve; (b) firmness 
(N/mm), defined as the initial slope of the penetration curve within the first 2 s (Fiszman & 
Salvador, 1999). 
3.2.2.4 Microstructure 
Gels were formed in the same way as for texture analysis. Gels were cut into small pieces (~ 1 mm
3
) 
and fixed with 2.5% (v/v) glutaraldehyde in 0.1 M phosphate buffer (pH 6.8), dehydrated in ethanol 
with a serial concentration of 50, 70, 90 and 100% (v/v) and dried with a CO2 critical point dryer 
(Tousimis Automatic, Rockville, USA) prior to mounting on aluminium stubs and sputter-coated 
with a Baltek platinum coater. The microstructure of the gels was examined using a scanning 
electron microscope (JEOL 6610, Tokyo, Japan) at an acceleration voltage of 10 kV. 
3.2.2.5 Statistical Analysis 
All analyses were carried on two independent replicates. Minitab ver. 16 software (Minitab Inc., 
USA) was used for analysis of variance. ANOVA General Linear Model was used with test of 
significance (p < 0.05). Both main effect and interaction between factors were assessed. 
3.3 Results and discussion   
3.3.1 Gelatin B 
3.3.1.1 Rheology results 
Figure 3-1 shows representative rheological results for a 2.5% gelatin gel at pH 6.6 through the 
three stages (cooling, annealing and heating). All samples showed a similar trend, except that 
samples with 1% gelatin or at pH 3.0 (gelatin concentration ≤ 2.5%) did not gel during the cooling 
stage. For each sample, two trials were conducted and similar results were observed in both trials. G′ 
increased rapidly and surpassed G″ during the cooling stage, which indicated that the system gelled 
(Figure 3-1A). When the temperature was held at 10 ˚C for 2.5 h during annealing, both G′ and G″ 
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showed an increase (Figure 3-1B), with G′ increasing more than G″. After around 40 min, the slope 
of the curve decreased and gelation became slow and stable, but gelation was not complete in the 
2.5 h. The results were in agreement with the previous report by Joly-Duhamel, C., Hellio, D., & 
Djabourov, M. (2002a), which indicated that the ―coil to helix‖ transition never reached 100% 
within the ―normal time scale‖. Another study by these authors indicated that the helix 
concentration controlled the gel elasticity (Joly-Duhamel et al., 2002b). From optical rotation 
measurements, these authors found that the helix concentration of gelatin increased with the 
annealing time and did not reach 100% within the ―normal time scale‖ of observation. During the 
heating stage, G′ decreased quickly and became less than G″ (Figure 3-1C), which indicated 
melting of the gel. Similar trends for G′ and G″ were observed for samples at different 
concentrations and pH, and on addition of the milk proteins. However, samples with 1 and 2.5% 
gelatin at pH 3.0 did not gel during the cooling stage. 
 
Figure 3-1. Changes in G′ (…) and G″ (×) of pure gelatin B gels at concentration 2.5%, pH 6.6. Cooling step from 40 to 10 ˚C 
(A); annealing step at 10 ˚C (B); heating step from 10 to 40 ˚C (C). 
A detailed analysis of the effects of gelatin concentration (1, 2.5 and 5% [w/w]), pH (3.0, 4.6, 5.3, 
6.6 and 8.0) and milk proteins (WPI, MPC and SMP) on the rheological properties of gelatin gels 
was conducted and the results are shown in Figure 3-(2-5) and Table 3-1. The raw data are also 
presented in the Appendix in Table 3S-1. It should be noted that addition of WPI was studied over 
the whole pH range from 3.0 to 8.0, while MPC and SMP could only be studied at pH 6.6 and 8 
because of the severe acid aggregation of casein at low pH. Also, because of the unavailability of 
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results at pH 3.0 for some samples, the results of the samples at pH 3.0 are discussed separately. 
Therefore, to fully analyze the interaction effects of gelatin concentration, pH and milk protein on 
the gelatin gels, the statistical analysis was conducted in two groups: 1) gelatin/WPI– gelatin gels 
with or without WPI at four pH values (4.6, 5.3, 6.6 and 8); 2) gelatin/WPI/MPC/SMP– gelatin gels 
with WPI or MPC or SMP or without any milk proteins at two pH values (6.6 and 8). 
i. Gelling temperature 
As described above, the gelling temperatures (TG) of the samples were measured in the cooling 
stage, and Table 3-1 summarizes the ANOVA output on the dependence of the gelling temperature 
on type of proteins, concentration and pH. Only the main effects (concentration and protein) were 
significant, and the trends are shown in Figure 3-2A and B.  
At any pH, the higher the concentration of gelatin, the higher the TG of the gels (Figure 3-2A). The 
5.0% gelatin solution with or without milk proteins gelled at temperatures in the range 20-22 ˚C 
andthe 2.5% solution in the range 15-18 ˚C (except at pH 3.0, explained in the next paragraph); 
samples with 1.0% gelatin did not gel during the cooling stage. The concentration dependence of 
gelling temperature of gelatin gels was also reported by Michon, Cuvelier, and Launay (1993). In 
their study, TG of the gelatin gel ranged from 26.4 ˚C at 1.1% to 32.6 ˚C at 20% concentration. Joly-
Duhamel et al., (2002b) also reported that TG increased with concentration for both mammalian and 
fish gelatin. The minimum gelation concentration and the gelling temperatures of gelatin gels at a 
certain concentration can be different because of different thermal histories (Eldridge & Ferry, 
1954). The gelling point in a polymerizing system is considered to be the point at which a three-
dimensional network, infinite in extent, first appears (Eldridge & Ferry, 1954). For a gelatin gel, a 
threshold level of polyproline II helixes is needed to form the three-dimensional network, which 
could be achieved within a relatively short time and high temperature at high gelatin concentration. 
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Figure 3-2. The main effect of concentration (A) and addition of proteins (B) on gelling temperature of gelatin B gels. The 
values are mean values. 
Table 3-1. Summary of ANOVA for the gelatin B and gelatin B – protein mixed gels.‡ 
Parameter† Concentration pH Protein 
Concentration x 
pH 
Concentration x 
Protein 
pH x 
Protein 
Concentration x pH 
x Protein 
Firmness 
0.000*** 0.000*** 0.000*** 0.000*** 0.001** 0.934NS 0.643NS 
0.000[***] 0.466[NS] 0.002[**] 0.521[NS] 0.028[*] 0.000[***] 0.076[NS] 
TG 
0.000*** 0.074NS 0.515NS 0.784NS 0.288NS 0.227NS 0.401NS 
0.000[***] 0.139[NS] 0.000[***] 0.358[NS] 0.214[NS] 0.167[NS] 0.556[NS] 
TM 
0.000*** 0.003** 0.015* 0.666NS 0.461NS 0.007** 0.002** 
0.000[***] 0.000[***] 0.000[***] 0.104[NS] 0.003[**] 0.000[***] 0.049[*] 
Go′ 
0.000*** 0.000*** 0.000*** 0.000*** 0.000*** 0.044* 0.155NS 
0.000[***] 0.444[NS] 0.000[***] 0.492[NS] 0.000[***] 0.003[**] 0.036[*] 
G∞′ 
0.000*** 0.045* 0.000*** 0.010** 0.000*** 0.053NS 0.527NS 
0.000[***] 0.922[NS] 0.000[***] 0.968[NS] 0.000[***] 0.423[NS] 0.880[NS] 
K 
0.000*** 0.109NS 0.000*** 0.003** 0.000*** 0.058NS 0.104NS 
0.000[***] 0.000[***] 0.000[***] 0.450[NS] 0.000[***] 0.000[***] 0.000[***] 
‡
Deductions are for pure gelatin and gelatin–whey protein mixtures or for pure gelatin and gelatin–milk proteins mixtures (in 
brackets [ ]); p<0.05, *; p<0.01, **; p<0.0001, ***. 
†
TG = gelling temperature, TM = melting temperature, Go′ = initial G′ of 
time sweep, G∞′ = G′ at infinite time in time sweep, K = rate of gelation during annealing. 
pH from 4.6 to 8.0 had no significant effect on the TG of gelatin gels with or without milk proteins 
at the concentrations studied (Table 3-1). It should be mentioned that the effect of total protein has 
been reported to be of greater importance than the effect of total solids in a yogurt system (Mistry & 
Hassan, 1992). As the ultimate goal of this thesis was to translate the fundamental findings in this 
chapter to a yogurt system, it was decided to keep the protein content of the systems equal rather 
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than to focus on equal total solids content. The gelling properties of all samples were substantially 
affected by pH 3.0. At pH 3.0, the TG of samples with 5.0% gelatin was much lower than that at 
other pH, and samples with 1.0 or 2.5% gelatin did not gel at all during cooling stage. Thus, it could 
be concluded that gelation of gelatin was inhibited at pH 3.0. This is attributable to protonation of 
amino acids of gelatin at low pH, which prevents formation of hydrogen bonds. Hydrogen bonds 
are very important in forming the gelatin gel framework (Bello, Vinograd, & Bello, 1962). 
In a circular dichroism study of a 0.2% gelatin solution, Wustneck et al. (1988) observed that when 
the temperature of the gelatin solution was decreased from 25 to 10 ˚C, an increase in peak area for 
triple helical structures occurred at pH 4.9, 7.0 and 10, but not at pH 2.0. They attributed this to 
partial destruction of the gelatin molecules at very low pH.  
In the pH range studied, addition of MPC and SMP significantly increased the TG of gelatin gels at 
all gelatin concentrations both at pH 6.6 and 8.0, while addition of WPI did not affect TG 
significantly (Figure 3-2B). These results indicated that interactions occurred between gelatin and 
MPC/SMP, but not between gelatin and WPI. Considering the composition of the milk powders, the 
main proteins in MPC and SMP are casein and whey proteins (β-lactoglobulin and α-lactalbumin), 
and only whey proteins are present in WPI. Therefore, from these observations it can be inferred 
that, under the experimental conditions of this study, gelatin was able to interact with caseins but 
not with whey proteins. The reasons for these differences are discussed in the section of annealing 
stage.  
ii. Melting temperature 
The melting temperatures (TM) of the samples were obtained from the heating stage, but 1.0% 
gelatin did not gel at pH 3.0, and no melting temperature was obtained. TM of all samples was 
significantly affected by gelatin concentration (Table 3-1), and the higher the concentration, the 
higher was TM (Figure 3-3A and B). From pH 4.6 to 8.0, gels with 5.0, 2.5 and 1.0% gelatin melted 
at temperatures in the range 29-33 ˚C, 27–32 ˚C and 25-27 ˚C, respectively. These results are in 
agreement with previous studies (Bello, Vinograd, & Bello, 1962; Eldridge & Ferry, 1954; Michon, 
Cuvelier, & Launay, 1993; Salvador & Fiszman, 1998). A higher concentration of gelatin leads to 
shorter distances between gelatin coils, hence stronger and more junction zones are formed, and a 
higher temperature is needed to destroy the structure (Haug, Draget, & Smidsrod, 2004). It should 
be noted that the gelatin gels still melted below body temperature in all cases, which ensures their 
melt-in-mouth property. TM at pH 3.0 was substantially lower (25–27 ˚C) than at other pH for 2.5 
and 5.0% gelatin gels irrespective of the milk protein addition. 
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Figure 3-3. Effect of the protein x concentration x pH interactions for melting temperature of gelatin gel with or without WPI 
(A) and gelatin B gels with or without WPI, MPC and SMP (B). 
Low TM values at low pH were also observed by Choi and Regenstein (2000), who investigated 
gelatins from pig and fish; the TM of all gelatin gels decreased markedly at pH less than 4.0. Bello, 
Vinograd, and Bello (1962) reported that the melting point of a 5% gelatin type B gel was 
independent of pH between pH 5.0 to 11 but decreased between pH 4.0 and 3.0. The effect of pH on 
TM was mainly observed on gels with SMP (Figure 3-3B), which showed significantly higher TM at 
pH 8.0 than at pH 6.6 at all gelatin concentrations. This could be because of the minerals in the 
SMP. pH has a great effect on the charge state of minerals, which can change the electrolyte content 
and affect the gelation of gelatin (Bello, Vinograd, & Bello, 1962; Boedtker & Doty, 1954). 
Although MPC also contains some minerals, the amount is less than that in SMP because of their 
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removal during manufacture (Hemar et al., 2002). It was also found that gels containing SMP 
showed significantly higher melting temperatures at all concentrations and pH studied than other 
gels (Figure 3-3B). Results contradictory to this study have been reported by Salvador and Fiszman 
(1998) who found that the melting temperature of a gelatin gel was not affected by the addition of 
milk components, which could be due to the lower addition rate of SMP than in our work. 
iii. Annealing stage or gel maturation  
In order to fully understand the gelation process during the annealing stage, the rheograms were 
described using a modified first-order kinetic model (Eq. (2)) as it was thought that the time-sweep 
outputs described a first order kinetic. The storage modulus was focused on because G″ was 
effectively zero for the gels at all the conditions studied. The modified first-order kinetic model has 
been extensively used to describe time-course starch digestion, and Sorba and Sopade (2013) used it, 
written with viscosity parameters, to describe time-course viscosity changes in starch during 
digestion. Moreover, these authors suggested that the model is identical to some creep models, even 
though the parameters might indicate different concepts. 
G′t = Go′ + G∞-o′ [1 - exp (-K t)]       (2)  
G∞′ = Go′ + G∞-o′                               (3) 
where Go′ = G′ at time t = 0, G∞′ = G′ at infinite time (t → ∞) and K = rate of gelation during 
annealing. These results are shown in Figure 3-4. Within the time range (250 min) studied, F test of 
ANOVA regression analysis revealed that the first-order kinetic model is suitable for describing the 
experimental data of this study (p < 0.05). Since data of gels with 1.0% gelatin at pH 3.0 were not 
available, pH 3.0 was excluded from statistical analysis and discussed separately.  
From Figure 3-4A and B, it could be seen that the initial G′ (G0′) of all gels at the beginning of the 
annealing step, was higher for higher gelatin concentration, suggesting that higher gelatin 
concentrations resulted in stronger gels at the end of cooling stage. This is because of a greater 
number of junction zones formed in the gels at higher concentrations of gelatin. Pure and protein-
containing gelatin samples at 1.0% gelatin showed very low G0′ (around zero) at all pH, indicating 
that the system had not gelled at the beginning of the annealing stage. G0′ was independent of pH in 
the range 4.6 to 8.0 for all samples (Table 3-1). 
In the pH range 4.6 to 8.0, at both 2.5 and 5.0% gelatin concentrations, gels with WPI showed 
significantly lower G0′ than pure gelatin gels, while MPC- and SMP-containing gels showed 
significantly higher G0′ (Figure 3-4A and B). Similar results have been reported on carrageenan gels, 
where the presence of casein micelles increased G′ during the cooling and annealing stages and 
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increased the gelation temperature of gels due to the additional bridging of carrageenan chains by 
casein micelles (Langendorff et al., 1997).  
The final G′ (G∞′) values of the gels in the annealing step are shown in Figure 3-4C and D. G∞′ 
increased with gelatin concentration and pH from 4.6 to 8.0 did not show a significant effect on G∞′ 
of the gels (Table 3-1). Only pH 3.0 dramatically lowered G′ of samples, which was only in the 
range of 200-300 Pa for 2.5% gels and 1300-1500 Pa for 5.0% gels. The effect of pH on the G′ did 
not seem to be related to the IP of gelatin (gelatin used in this study was type B, the isoelectric point 
(IP) of which is around 5.0). The same conclusion was obtained from the study of Yoshimura et al. 
(2000) in which pig and shark gelatins with similar isoelectric points (IP around 9.0) were used. 
Different effects of pH on the G′ of these gelatin gels were observed. The G′ of pig gelatin gels 
showed no changes over a pH range of 4.0 to 10, while the G′ of shark gelatin gels showed 
significantly lower values at pH 4.0 and 8.0. The authors suggested that in the viscoelasticity of the 
gelatin gel, the intramolecular distribution of charge is more important than the total or average 
charge of the whole molecule. Other authors reported that the viscoelastic properties of gelatin gels 
were greatly improved by higher amounts of triple helical structure, instead of the aggregates of 
gelatin molecules (Boedtker & Doty, 1954; Sarabia, Gomez-Guillen, & Montero, 2000). Large 
aggregates could be formed around the IP (Boedtker & Doty, 1954; Lin et al., 2002), while no 
significant difference of G′ of gelatin gels was observed among the pH close to IP (4.6 and 5.3) and 
far away from IP (8.0) in our study, except pH 3.0.  
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Figure 3-4 continued on next page 
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Figure 3-4 continued on next page 
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Figure 3-4. Effect of protein x concentration x pH interaction during annealing stage on G0′ (A), G∞′ (C) and K (E) for gelatin 
gel with or without WPI, G0′ (B), G∞′ (D) and K (F) for gelatin B gels with WPI, MPC and SMP. 
Addition of WPI significantly decreased the value of G∞′ at gelatin concentrations 2.5 and 5.0%, but 
not at 1.0%. MPC and SMP caused a significant increase in G∞′ at a gelatin concentration of 5.0%, 
but not at 2.5 and 1.0% (Figure 3-4C and D), which indicated the gelatin concentration dependence 
of the milk protein effect. Thus the effect of milk proteins on gelatin gels was more significant at 
higher gelatin concentrations, which is in agreement with a study on casein micelles/κ-carrageenan 
interactions. It was found that the chance for these two polymers to interact increased with 
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increased concentration of κ-carrageenan. At very low carrageenan concentrations, there were fewer 
carrageenan chains so that the junction zones connected by casein micelles may not be statistically 
significant (Ji, Corredig, & Goff, 2008; Langendorff et al., 1997). Also increasing the gelling agent 
concentration could lead to an increase in the amount of milk protein aggregates (Martin et al., 
2006), which would affect the rheological properties of the gels.  
Increase in G′ value of gelatin gel by SMP has been reported previously (Salvador & Fiszman, 
1998). It was attributed to stabilization of the network by SMP through changes in hydrogen 
bonding, which is the basis of the formation of the gelatin network. The disturbance of the gelatin 
network by added WPC has also been reported (Walkenstrom & Hermansson, 1996). Considering 
the differences among these three milk protein preparations, it is apparent that the casein component 
maybe the cause of the higher G′ of the mixed gels than that of pure gelatin gels. However these 
results are different from those reported previously. Based on size distribution and turbidimetric 
titration results, Lefebvre and Antonov (2001b) reported that no interaction occurred between 
gelatin type B and caseins at pH 6.7, at gelatin: casein ratios from 0.03 to 13. The concentrations of 
gelatin and casein in this study were much lower than our study, which might be reason of the 
different results, since the effect of milk protein on gelatin gels was gelatin-concentration- 
dependent. A rheological study by Koh, Merino, and Dickinson (2002) indicated that addition of 
gelatin B had little influence on G′ of sodium caseinate gels at pH 4.6. They reported that in the pH 
range 4.5–5.0, both casein and gelatin B carry a very low net charge, so they would not have a 
strong interaction. Our study of gelatin/MPC and gelatin/SMP gels was conducted at pH 6.6 and 8.0 
(both gelatin and the milk proteins carried some negative charge at those pHs), which is different 
from the study of Koh, Merino, and Dickinson (2002). Moreover it has been suggested that a 
―positive patch‖ exists between residues 97 and 112 of κ-casein, which is on the surface of casein 
micelles, and that this positive patch even exists at pH above PI (Snoeren et al., 1975). Therefore, it 
is possible that interactions occurred between gelatin and the positive patch on κ-casein under the 
experimental conditions of this study. 
Similar to those obtained in this study, effects of addition of milk proteins have been reported on 
gelation of κ-carrageenan gels. It was reported that κ-carrageenan gel with SMP showed a lower 
loss tangent with increase of pH from 6.0 to 8.0, indicating higher elasticity. However, no 
explanations were given for this result (Xu et al., 1992). Hemar et al. (2002) reported that addition 
of SMP and MPC showed a greater effect on the viscoelastic properties of κ-carrageenan gels than 
addition of WPI, and the results obtained for MPC- and SMP-containing gels were similar. They 
attributed this effect to the phase separation caused by addition of MPC and SMP. The casein 
particle network formed due to depletion flocculation contributed to the increase in viscosity and 
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elasticity of the κ-carrageenan gel, while for WPI-containing gels, no significant phase separation 
occurred that would be enough to cause improvement in the rheological properties of the gels. 
Those authors reported in another study that the depletion flocculation mechanism depended on the 
biopolymer size; particles in SMP and MPC dispersions have an average diameter of 0.2 µm, which 
is mainly due to casein micelles, while particles in WPI dispersions are of nanometer size (Hemar et 
al., 2001). This hypothesis is also reasonable for explaining the results of our study on gelatin. 
Phase separation of different mixtures could be seen in our microscopy study (Figure 3-6). 
Figure 3-4E and F show the results of K during the annealing stage, which indicated the gelation 
rate. The K of all the gels increased with increasing concentration of gelatin at all pH values. At pH 
3.0 a significant decrease in K was observed for pure gelatin gels at 2.5 and 5.0% gelatin 
concentrations, but no significant difference could be seen for WPI-containing gels. Interestingly, it 
was observed that the K of WPI-containing gels was higher than for pure gelatin gels, except at 1.0% 
gelatin concentration (Figure 3-4E). However, WPI-containing gels showed the lowest values for 
other parameters. A significant increase in K′ due to addition of MPC and SMP could only be seen 
at 1.0% gelatin concentration, and not at higher concentrations like the other parameters. The 
gelation rate not only determines the final gel strength, but also is crucial to the structure of the gels. 
High gelation rates tend to lead to a coarse network (Cavallieri & Da Cunha, 2008). Further study 
needs to be done to understand the mechanism of rate of increase of K. 
3.3.1.2 Texture analysis  
In the texture analysis, only two gelatin concentrations (2.5 and 5.0%) were studied. Since a 1.0% 
gelatin gel was too soft, no penetration force peak could be obtained. Figure 3-5A and B show 
representative penetrometry profiles of the samples. For each sample, two trials were conducted and 
similar trends were observed in both trials. Gel firmness was calculated as initial slope from the 
penetrometry curves and the results are shown in Figure 3-5C and D. 
Figure 3-5A and B show how the penetration curve varied among different gels. All gels showed a 
rapid increase in the force over a short time as the probe moved into the samples, although the 
initial slope was different for different gels. The gel firmness was much higher at 5.0% 
concentration than at 2.5% for all gels (Figure 3-5C and D), similar to the concentration effect on 
rheological results. These results are also in agreement with previous studies (Ferry, 1948; Fiszman 
& Salvador, 1999; Salvador & Fiszman, 1998).  
The gel firmness at pH 3.0 was significantly lower than that at other pH (p < 0.05) for all gels 
(Figure 3-5C), which corresponded to the rheological results. The low initial slope indicated that the 
gel at pH 3.0 deformed easily and tended to flow more than break. The effect of pH on the firmness 
of gelatin gels is probably due to changes in the electrostatic interactions in the system (Fiszman & 
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Salvador, 1999). The firmness of a high concentration (27%) gelatin gel was studied in the pH 
range 2.0 to 12 by Cumper and Alexander (1952). They found that at the extreme pH, the number of 
basic or acidic amino acid residues available for bond formation decrease rapidly and consequently 
a sharp decrease in firmness occurs. This could explain the low firmness of the gelatin gel at pH 3.0 
in our study. Our results were also consistent with the study of Choi and Regenstein (2000), in 
which different kinds of gelatin were studied. They observed a marked decrease in gel strength of 
gelatin gels below pH 4.0. Gel firmness was independent of pH in the range 4.6 to 8.0 for all gels 
except gels containing SMP. Gels with SMP showed significantly higher firmness at pH 8.0 than at 
pH 6.6 at both 2.5 and 5.0% gelatin concentration. This could be due to the minerals in the SMP as 
discussed before for gel melting temperature.  
Addition of milk proteins significantly increased the gel firmness at 5.0% gelatin concentration, 
while at 2.5% the values of the mixed gels were not significantly different from those of the pure 
gelatin gels. These results again indicated the dependence on the gelatin concentration of the effect 
of the milk proteins on gelatin gels. 
In addition to gel firmness, another important characteristic that could be observed from 
penetrometry curves was the breaking point, which is a measure of the fracturability of the gel. As 
can be seen from Figure 3-5B, only some of the pure gelatin gels at 2.5% gelatin concentration 
showed a breaking point. At pH 5.3 and 6.6, the pure gelatin gels were not easily deformed and 
showed a clear breaking point during penetration (between 8 and 9 s) (Figure 3-5B). No breaking 
point was observed for pure gelatin gels at pH 3.0 and the penetration force kept increasing until the 
compression ended at 10 s, indicating that the gel had no fracturability. The force recorded at the 
end of compression (10 s) is not indicative of any physical characteristic (Fiszman & Salvador, 
1999) and hence was not recorded. At pH 4.6, the profile of the pure gelatin gel showed a shoulder 
at about 8.5 s, which indicated it had an initial resistance to penetration; however this was 
considered a questionable breaking point because the penetration force did not show an apparent 
decrease after this point. The small inflection also indicated a structural change which was not 
strong enough to break the gel and needs to be confirmed by a microscopy study. At pH 8.0, no 
apparent breaking point was observed either. The fracturability of gels could be related to IP. 
Molecular aggregation could be caused by the strong attraction of oppositely charged groups on 
gelatin chains around the IP (Boedtker & Doty, 1954), leading to fragile gels. However a gel at pH 
4.6, which is also very close to the IP of gelatin type B, did not show apparent fracturability. The 
difference between the gels formed at pH 4.6 and at pH 5.3 and 6.6 could also be seen in 
microscopy results (Figure 3-6). 
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Figure 3-5. Representative penetrometry profiles for gels and the effect of protein x concentration x pH interaction on gel 
firmness. Effect of gelatin concentration and addition of milk protein on the texture profile of gelatin B gels at pH 6.6 (…5% 
pure gelatin gel, — 2.5% pure gelatin gel, －－ 2.5% gelatin gel with MPC) (A); effect of pH on the texture profile of 2.5% 
pure gelatin gels (… pH 3.0, — pH 4.6, －－ 5.3, －·－ pH 8.0) (B); firmness of pure gelatin gel and gelatin gel with WPI (C) 
and firmness of pure gelatin gel and gelatin gels with WPI, MPC and SMP (D). 
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Additionally, no apparent breaking point was observed for pure gelatin gels at 5.0% concentration 
at all pH conditions studied. At high concentrations, gelatin gels have higher elasticity, which 
makes them harder to break (Hansen et al., 2008). The absence of a breaking point in 5.0% gelatin 
gels indicated that the changes in electrostatic interactions due to pH only influenced the 
aggregation of the mobile chains in weak gels like the 2.5% gelatin gels. The results were in 
agreement with a study by Salvador and Fiszman (1998), although different texture profiles were 
obtained because of a different gelatin type used and different experimental conditions. They found 
that at 1.5% gelatin concentration, the breaking force of gelatin gels decreased as the pH moved 
further away from its IP, while no significant differences were found at 5.0% concentration 
(Fiszman & Salvador, 1999). The gels containing milk protein showed no obvious breaking point 
(only the result of the gel with MPC is shown as representative), suggesting that the presence of 
milk proteins changes the texture of gelatin gels in such a way that prevents fracturability. This 
could be because milk proteins filled in the pores of gelatin gel, thereby making the gel less 
fracturable. 
3.3.1.3 Microstructure 
The microstructure of gels with high gelatin concentration (2.5 and 5.0%) was too dense and no 
clear gelatin strands could be seen. Hence, the effect of pH and addition of milk protein on the 
microstructure of gelatin gel was studied at 1.0% gelatin concentration. The structural changes in 
pure gelatin gels were studied in the pH range 3.0 to 8.0. The effect of addition of milk proteins on 
the microstructure of gelatin gels was studied at pH 6.6. High milk solids content tended to cover 
the gelatin structure, so in this study only 2% milk solids were added. The microstructure of gelatin 
gels with and without milk proteins were examined by SEM (Figure 3-6). As can be seen in the 
micrographs, the microstructure of gelatin gels differed greatly with concentration. A 2.5% gelatin 
gel at pH 6.6 formed a very dense structure with small voids (Figure 3-6A). No strands could be 
seen in the gel structure while for all the gels with 1.0% gelatin, the structure was much looser and 
the strands could be seen clearly (Figure 3-6B-F). Some particles were observed in pure gelatin gels 
(Figure 3-6A), which could have been an impurity in the gelatin product, such as unhydrolyzed 
collagen. These results were in agreement with the rheology and texture study, which showed that 
stronger and firmer gels were formed at higher gelatin concentrations. 
The microstructure of pure gelatin gels was also significantly affected by pH (Figure 3-6B-F). The 
microstructure of 1.0% gelatin gel formed at pH 3.0 was much looser with larger pores than those at 
higher pH (Figure 3-6B). The microstructure at higher pH was much denser, suggesting that the 
gels were more organized at these pH values. Pure gelatin gels at pH 4.6 appeared to form more 
strands than those at pH 3.0 (Figure 3-6C). From pH 5.3, the network became more three 
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dimensional, and no significant differences were observed between the microstructures of pure 
gelatin gels at pH 5.3 and 6.6 (Figure 3-6D and E). The microstructure of the pure gelatin gel at pH 
8.0 was dense with some large pores, but still individual strands could be observed (Figure 3-6F). 
These results could further explain the results obtained during the textural measurements. At pH 3.0, 
the gel was too soft to be fractured. pH 4.6 seemed to be the transition pH for the gels to change 
from flat to ―three-dimensional‖, which could have induced a questionable breaking point in the 
penetrometry curve and a relatively low melting temperature. At pH 5.3 and 6.6, the gels formed 
well-organized structures, which could have led to enough gel strength to have a clear breaking 
point. At pH 8.0, the gel structure was very well organized and it could not be broken within the 
penetration distance used in this study. 
The gelatin gel with WPI at pH 6.6 had a similar microstructure as the pure gelatin gel (Figure 
3-6G). The strands‘ organization did not change, and the fine and homogeneous gel structure could 
still be observed. The only difference was that the gel appeared denser and more protein aggregates 
were seen in the WPI-containing gel, which could be attributed to the presence of protein 
aggregates in WPI (Hemar et al., 2001). No apparent phase separation between the gelatin and whey 
protein was observed. This was in agreement with a previous study by Walkenstrom and 
Hermansson (1994), in which light microscopy was used to study the microstructure of WPI/gelatin 
mixed gels. In the gelatin gel with MPC, no individual casein micelles could be seen; they appeared 
as large aggregates linked by gelatin strands (Figure 3-6H). The gel structure had changed 
significantly from that of the pure gelatin gel. The regularity of the pure gelatin gel seemed 
disturbed. It was not as homogenous as the pure gelatin gel and large voids were observed. It seems 
there were two separate phases, containing dense milk protein aggregates and gelatin strands, which 
could be caused by depletion flocculation of milk proteins in the aqueous phase (Hemar et al., 2002). 
These microstructure results suggest interactions between the gelatin and milk proteins, which is in 
agreement with the observation of the rheology study. Similar results have been obtained by 
confocal microscopy of MPC and κ-carrageenan gels (Hemar et al., 2002).  
In the gelatin gel with SMP (Figure 3-6I), a compact and interconnected network was formed and 
more branched structures were observed than in the pure gelatin gel. Phase separation could again 
be observed, although the milk proteins filled the voids and formed clusters and chains connected 
by gelatin strands. Different from the gel with MPC, the SMP-containing gel showed smaller 
protein aggregates and smaller voids, which was in agreement with the confocal microscopy study 
of (Hemar et al., 2002). The SMP-containing gel also appeared to be more branched, which could 
be attributed to the ions in SMP affecting the structure of the gelatin gel and the interaction between 
gelatin and casein by influencing the hydrogen bonding (Salvador & Fiszman, 1998). 
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SMP/carrageenan gel was also studied by Martin et al. (2006), who found that the SMP aggregates 
were linked by carrageenan. It was attributed to attractive electrostatic interactions between 
carrageenan and casein. Similar electrostatic interactions could be responsible for the changes in the 
microstructure of gelatin gels containing MPC and SMP in this study. The interaction could be 
between the ―positive patch‖ on κ-casein and gelatin, as discussed before. There are no reports in 
the literature indicating such positive patches on whey protein molecules. Hence, no interactions 
between gelatin and WPI are expected, since both carry a small negative charge at pH 6.6. 
 
Figure 3-6. Scanning electronic micrographs of gels: 2.5% pure gelatin B gels at pH 6.6 (A); 1% pure gelatin gel at pH 3.0 (B), 
pH 4.6 (C), pH 5.3 (D), pH 6.6 (E) and pH 8.0 (F); 1% gelatin with WPI (G), MPC (H) and SMP (I) at pH 6.6. Scale bars in 
the images are 1 µm. 
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3.3.2 Gelatin A 
The analysis of the effects of pH (3.0, 4.6, 5.3, 6.6 and 8.0) and milk proteins (WPI and MPC) on 
the rheological properties of gelatin A gels was conducted and the results are shown in Figure 3-7 
and Table 3-(2&3). It should be noted that the milk protein effect was only studied at pH 6.6 and 
8.0, while the pH effect was studied over the whole pH range from 3.0 to 8.0 on pure gelatin A gels. 
Also, the results at pH 3.0 are discussed separately for the same reason as given for gelatin B. 
Therefore, the statistical analysis was conducted in two groups: 1) the interaction effect of pH and 
milk protein on gelatin A gels (Table 3-2, Figure 3-7), and 2) the main effect of pH on gelatin A 
gels (Table 3-3).   
3.3.2.1 Rheology results 
Gelation and melting properties of gelatin A were studied at concentration 2.5%. A similar 
rheological trend similar to that of gelatin B gels (Figure 3-1) was observed during cooling, 
annealing and heating stages (results not shown). The specific values of the results were not 
compared directly to that of gelatin B, since the blooms of these two gelatin samples were different.  
All the samples gelled during the cooling stage except the sample at pH 3.0. Both G′ and G′′ 
increased during the annealing stage and melting points were observed during heating. Table 3-2 
summarizes the ANOVA output on the dependence of the parameters on type of proteins and pH. 
The raw data was presented in Appendix in Table 3S-7. Results at pH 3.0 were excluded in the 
statistical analysis because of the extremely low values and absence of some parameters, i.e. gelling 
temperature. Similar results were observed for gelatin B, indicating that extremely low pH can 
cause inhibition of gelation for both types of gelatin.  
Table 3-2. Summary of ANOVA for the gelatin A and gelatin A–protein mixed gels. 
Parameter pH Protein pH x Protein 
Firmness  0.00*** 0.000*** 0.000*** 
TG 0.480NS 0.102NS 0.716NS 
TM 0.238NS 0.830NS 0.543NS 
Go′ 0.036* 0.000*** 0.001** 
G∞′ 0.016* 0.000*** 0.001** 
K 0.194NS 0.693NS 0.291NS 
TG = gelling temperature, TM = melting temperature, Go′ = initial G′ of time sweep, G∞′ = G′ at infinite time in time sweep, K 
= rate of gelation during annealing. p<0.05, *; p<0.01, **; p<0.0001, ***. 
i. pH effect 
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From Table 3-3, it can be seen that the initial G′ (Go′) was lower at pH 4.6 than at higher pH and pH 
from 5.3 to 8 did not have a significant effect on Go′. For the final G′ (G∞′), interestingly, the value 
at pH 8.0 was the lowest followed by that at pH 4.6. By comparison, both Go′ and G∞′ were 
independent of pH from 4.6 to 8 for gelatin B gels. In pure gelatin A gels, pH from 4.6 to 8 had no 
significant effect on TG, which is similar to gelatin B. However, the TM of gelatin A gels was 
significantly lower at pH 4.6 than at other pH, which is different from gelatin B. The lower TM is 
related to the low G∞′ at pH 4.6. 
Table 3-3. Effect of pH on textural and rheological properties of pure gelatin A gel at 2.5% concentration 
pH Firmness (N) TG (°C) TM (°C) Go′ (Pa) G∞′ (Pa) K 
4.6 0.076±0
b
 18.75±0.35
a
 27.65±0.18
b
 178.24±6.14
b
 636.3±7.44
b
 0.026±0.01
a
 
5.3 0.085±0
a
 19.35±0.92
a
 30.75±0.85
a
 245.6±6.73
a
 707.21±2.89
a
 0.028±0.01
a
 
6.6 0.085±0
a
 21.05±2.83
a
 30.43±0.11
a
 257.25±3.55
a
 665.47±16.14
a
 0.023±0
a
 
8.0 0.084±0
a
 19.6±0.28
a
 31.13±0.88
a
 241.81±8.94
a
 608.2±26.66
b
 0.023±0
a
 
Means (n=3 for firmness; n=2 for TG, TM, Go′, G∞′ and K) within a column with different letters are significantly different (p 
< 0.05). 
It seemed that the gelatin A gel was more susceptible to extreme high or low pH and exhibited a 
narrower pH range to form a stable gel compared to gelatin B. As discussed in 3.1.1.3, the pH effect 
was not related to the isoelectric point of gelatin. The differences are induced by the differences of 
the mobility of gelatin chains and the intramolecular distribution of charge (Yoshimura et al., 2000).   
ii. Milk protein effect 
Figure 3-7A and B show the effect of addition of milk proteins on the rheological properties of 
gelatin A gels. Addition of WPI decreased the Go′ at both pH 6.6 and 8.0, while G∞′ was only 
significantly decreased by WPI at pH 6.6. It seemed that during gel maturation, pH 8.0 inhibited the 
negative effect of WPI on gelatin gelation. Addition of MPC was found to increase Go′ and G∞′ only 
at pH 8.0 and no significant difference from pure gelatin gel was observed at pH 6.6. In the case of 
MPC, pH 8.0 seemed to enhance gelatin A gelation. In gelatin B gels, similar effects on Go′ and G∞′ 
by addition of WPI were seen, but the effect was pH independent between 6.6 and 8.0. Addition of 
MPC did not increase G∞′ at either pH. The gelation rate K was not affected either by pH or 
addition of milk proteins, which was not in agreement with the results of gelatin B gels. Addition of 
either WPI or MPC did not affect TG or TM significantly, while MPC increased both TG and TM of 
the gelatin B gels.  
The effect of addition of milk proteins seemed to relate to the isoelectric point of gelatin A. 
However, the effect cannot be explained simply by interaction between milk proteins and gelatin A, 
since at both pH 6.6 and 8, gelatin A carries a positive charge and milk protein in WPI and MPC 
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carry a negative charge. Electronic interactions between gelatin A and milk proteins were expected 
in gels with both WPI and MPC. The interaction between gelatin A and WPI appeared to have a 
negative effect on its gelation, while the interaction between gelatin A and MPC had a positive 
effect. Further study needs to be done to understand this mechanism. Also, pH 8 seemed to have a 
positive effect on gelatin A gels containing WPI or MPC. The negative effect of addition of whey 
proteins on gelatin A gel has also been reported by Walkenstrom and Hermansson (1996); it was 
attributed to the disturbance of gel continuity by whey proteins.  
Figure 3-7. Effect of protein x pH interaction on gel: Go′ (A), G∞′ (B) and firmness (C) for gelatin A gel with or without milk 
proteins. 
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3.3.2.2 Texture analysis 
It can be seen from Table 3-3 that pH did not affect gel firmness from pH 5.3 to 8 and pH 4.6 
induced significantly lower gel firmness. Additionally, the penetrometry profiles for gelatin A gels 
were presented in Figure 3-8. The test was conducted in two independent replicates, and similar 
trend was found for each sample. Only the representative samples were shown in the graph. The 
pure gels at pH 3, 4.6 and 5.3 did not show fracturability, while an obvious fracture point was 
observed at pH 6.6 and a questionable fracture point was observed at pH 8 (Figure 3-8 A). From 
these results, we suspect that fracturability was exhibited at pH close to isoelectric point of gelatin 
A.  These results were in agreement with the results of gelatin B. 
In contrast to gelatin B, the firmness of gelatin A gels was significantly increased by addition of 
MPC and decreased by addition of WPI (Figure 3-7C), while no significant effect was found on 2.5% 
gelatin B gels. This might indicate that gelation of gelatin A is more susceptible to disturbances by 
addition of milk proteins than gelatin B. The milk protein effect was also found to be greatly 
influenced by pH. For both MPC- and WPI-containing gelatin gels, firmness was higher at pH 8 
than 6.6, which is in agreement with the rheology results. A similar effect was also observed for 
gelatin B with SMP. No fracturability was observed for gelatin A gels with WPI at either pH 6.6 or 
8, indicating a more deformable gel was formed with WPI; gels with MPC showed obvious fracture 
point (Figure 3-8 B).  
 
Figure 3-8. Representative penetrometry profiles for gelatin A gels at gelatin concentration 2.5% (w/v). (A) Effect of pH on 
the texture profile (… pH 3.0, — pH 5.3, －－ 6.6, －·－ pH 8.0); (B) Effect of milk proteins on the texture profile (… WPI at 
pH 8.0, — MPC at pH 8.0). 
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3.4 Conclusions 
This study provides an insight into the effect of concentration, pH and addition of milk proteins on 
the gelation behavior of gelatin. According to our results, mixed gels of gelatin and milk proteins 
with different properties could be obtained by manipulating these three factors. Stronger and firmer 
gels could be formed with high gelatin concentrations and addition of casein, while whey protein 
has different effects on the rheology and texture of gelatin gels. Gelatin behavior is constant in pH 
range from 4.6 to 8.0 in terms of rheology and texture, which makes it suitable for a wide range of 
applications. However the difference of fracturability caused by pH should be noted. Gelatin type 
did not induce major differences to the properties studied, except that gelatin A gel was more 
susceptible to extreme pH and addition of milk protein. The differences caused by addition of 
different milk proteins on gelatin gel can be understood in two ways. Firstly, κ-casein has a 
―positive patch‖ on the surface of its molecule, which can interact with negatively charged gelatin B 
at pH 6.6 and 8.0, while whey proteins do not have such a ―positive patch‖; however, interactions 
were supposed to occur between gelatin and both MPC and WPI, further study needs to be done to 
understand the results. Secondly, casein micelles in MPC and SMP can more easily cause depletion 
flocculation, which induces phase separation, than the much smaller particles present in WPI. This 
phase separation may lead to higher elasticity of the gels. A further study with purified milk 
proteins, such as κ-casein, β-casein, α-lactalbumin and β-lactoglobulin, could be undertaken to 
better understand the mechanism of interaction between gelatin and milk proteins. SEM seems to be 
a useful technique to explain the physical properties of gels at the microstructure level. In this study, 
modelling the annealing stage was very useful to obtain a comprehensive understanding of the gel 
properties. The parameters modelled in this study revealed some useful information which was not 
apparent from just measuring the traditional rheological parameters such as G′. The dependence of 
gelatin concentration on the effect of milk proteins was only observed from G∞′ and the slightly 
weaker gel formed at pH 4.6 could only be seen from parameter G0′. Further study needs to be done 
to elucidate the mechanism of increase in rate of G′ during the annealing stage. 
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4 Effect of addition of gelatin on the physical and rheological 
properties of acid milk protein gels 
4.1 Introduction 
Gel formation by milk proteins is the crucial stage in the manufacture of acid gels such as yogurt 
and many other dairy-based products. To understand the mechanism of gelation of milk proteins, 
considerable research has been carried out using a range of dairy ingredients such as skim milk 
powder (SMP), milk protein concentrate (MPC), whey protein isolate (WPI) and sodium caseinate 
(Cavallieri & Da Cunha, 2008; Cooney, Rosenberg, & Shoemaker, 1993; Graveland-Bikker & 
Anema, 2003; Hashizume & Sato, 1988b). In addition to milk proteins, hydrocolloids are important 
ingredients in yogurt manufacture for producing a variety of mechanical and textural properties to 
cater for consumers‘ preferences and to improve product stability. Among the hydrocolloids used, 
gelatin, an animal protein produced from collagen (Boran, Mulvaney, & Regenstein, 2010), is still 
widely used for modifying the texture of yogurt. It has high flexibility of the polypeptide chains and 
a non-random occurrence of imino acids (i.e., proline or hydroxyproline) in its sequence, which is 
unusual among gel-forming agents (Karim & Bhat, 2009). The intermolecular contacts in gelatin 
gels are hydrogen bonds, which make the gels thermally reversible. Specifically, a gelatin gel melts 
below human body temperature, which gives it the well-known ―melt-in-mouth‖ property 
(Djabourov, 1988). The effects of added gelatin on the microstructure and rheology of acid milk 
gels have been reported (Fiszman & Salvador, 1999; Koh, Merino, & Dickinson, 2002; 
Walkenstrom & Hermansson, 1996). However most of these studies were focused on the properties 
of the final mixed gel and some concerned heat-set milk gels. Therefore, the mechanism of 
interactions occurring in milk protein–gelatin systems, especially in yogurt, is still not clear.  
The physical and rheological properties of mixed protein–polysaccharide systems have been studied 
more thoroughly than those of protein–gelatin systems. Three possible situations have been reported 
to occur in the protein–polysaccharide mixtures: (1) incompatibility, where phase separation occurs; 
(2) complex coacervation, where a coupled network is formed because of molecular interaction; and 
(3) interpenetration, when the two components form gels separately and both form a continuous 
network throughout the sample (Cavallieri & Cunha, 2009; Turgeon & Beaulieu, 2001). The mode 
by which gelatin exists with milk proteins in a gelatin–milk gel may fall into one of these three 
categories, or it may be different, since gelatin behaves very differently from other polysaccharides 
(Karim & Bhat, 2009). 
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To understand how gelatin and milk components interact in yogurt, acid gelation of reconstituted 
WPI, MPC and SMP was studied individually, with and without gelatin. These products, with three 
different compositions (whole milk composition except fat [SMP]; casein, whey protein and some 
minerals [MPC]; whey protein only [WPI]), represent the ingredients in yogurt. Two important 
yogurt manufacturing stages were followed in this study: firstly, the dispersions of gelatin and milk 
protein were heated at 95 ˚C for 10 minutes, by which gelatin was melted and whey proteins were 
denatured, and, secondly, fermentation of yogurt was simulated by using glucono-delta-lactone 
(GDL) for acidification. The convenience and reproducibility of the GDL method has already been 
proved (Kim & Kinsella, 1989; Vlahopoulou & Bell, 1995).  
The objectives of this work were to determine the ability of gelatin to alter the physical properties 
of acid-induced milk protein gels and to gain an understanding of the mechanism of gelation of milk 
protein–gelatin mixed systems. The rheology, texture and water holding capacity of the gels were 
evaluated. 
4.2 Materials and Methods 
4.2.1 Materials 
Gelatin B, WPI, MPC and SMP used were the same as in Chapter 3. The chemical composition of 
these ingredients was provided by the supplier. The acidulant glucono-delta-lactone (GDL) was 
purchased from Sigma Chemical Co. (St. Louis, USA). 
4.2.2 Methods 
4.2.2.1 Preparation of protein dispersions and acid protein gels 
Milk protein dispersions were prepared by dispersing the required amount of powders (WPI, SMP 
or MPC) in distilled water under continuous stirring for 30 min to obtain a milk protein 
concentration of 4.5% (w/w). To prepare the mixed dispersions, milk powders were dispersed in 
water with gelatin. Three concentrations of gelatin (0.4, 1.0 and 2.5%) were investigated. All 
dispersions were stored at 4 ˚C overnight before use. The dispersions were heated in a 95 ˚C water 
bath for 10 min and then cooled to 45 ˚C immediately using cold water. For gel formation, an 
appropriate amount of glucono-delta-lactone (GDL) was added to the dispersions to decrease the 
pH to 4.6 in 4 h at 45 ˚C. During acidification the change in pH was monitored with a pH meter. 
4.2.2.2 Small deformation rheological measurement 
Dynamic oscillatory measurements were performed on a stress-controlled rheometer (Model AR-
G2, TA Instruments, USA). Aliquots of protein dispersions with or without gelatin were poured 
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onto the bottom plate of the rheometer equipped with a 4 cm, 2˚ cone-plate measuring system 
immediately after GDL was added. The measurements were performed in a four-stage process as 
described in Chapter 3, with some modifications:  
i. Acidification stage: Measurement commenced at 45 ˚C and this temperature was maintained 
for 4 h, promoting formation of the milk protein gel;  
ii. Cooling stage: the temperature was lowered from 45 to 10 ˚C at a constant rate of 1 ˚C/min 
promoting gelatin gel formation;  
iii. Annealing stage: the oscillatory tests were performed at 10 ˚C for 2.5 h to observe the 
maturation of the gelling samples;  
iv. Heating stage: the melting characteristics of the gels were determined by increasing the 
temperature from 10 to 45 ˚C at 1 ˚C/min. The end point of 45 °C was chosen to eliminate 
the effects of the temperature history on the milk gels 
Preliminary experiments for strain sweep showed that a strain of 0.5% was within the linear 
viscoelastic region for all samples at a frequency of 1Hz. The gelation point was defined as the 
point when a sharp increase in G′ from the baseline occurred, according to a previous milk gel study 
(Matia-Merino, Lau, & Dickinson, 2004). 
4.2.2.3 Texture analysis  
Texture measurements were performed using a TA–XT2 Texture Analyzer (Godalming, Surrey, 
UK). Samples as prepared in 4.2.2.1 after acidification were transferred to an incubator at 10 ˚C, 
and kept for 2.5 h before measurement. All measurements were carried out at 10 ˚C. The probe used 
was cylindrical with a flat base of 12.7 mm diameter, operating at a speed of 1 mm/s. The sample 
height was 30 mm in a cylindrical container of about 40mm. The probe penetrated the gel during a 
total displacement of 10 mm. Two parameters were obtained from the force−time curves: (a) 
Fracture force (N/mm), defined as the force at the first significant break in the curve; (b) firmness 
(N/mm), defined as the initial slope of the penetration curve within the first 2 s (Chapter 3). 
4.2.2.4 Water holding capacity 
The whey expelled (WE) was quantified using a centrifugation technique according to Keogh and 
O'Kennedy (1998) with some modifications. Milk protein gels (MG), with or without gelatin, were 
formed in 15 ml centrifuge tubes using the steps described in 2.2.1. After 2.5 h storage at 10 ˚C, 
samples were centrifuged at 1000 g for 10 min at 10 ˚C. The water holding capacity (WHC) was 
defined as WHC (%) = 100 (MG weight – WE weight) / MG weight. 
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4.2.2.5 Statistical Analysis 
All analyses were carried out on two independent replicates. Minitab ver. 16 software (Minitab Inc., 
USA) was used for analysis of variance. ANOVA General Linear Model was used with test of 
significance (p < 0.05).  
4.3 Results and discussion 
4.3.1 Rheology 
Figure 4-1, 4-2 and 4-3 show representative results of rheological analyses of WPI, MPC and SMP 
gels, respectively. For each sample, two trials were conducted and similar trends were observed in 
both trials. The G′ at the end of each stage was presented in the Table 4-1. 
Table 4-1. The G′ at the end of each of the four stages for the rheological measurement of milk gels with or without gelatin 
Milk 
protein 
type 
Gelatin 
concentration 
(% [w/w]) 
Acidification Cooling Annealing Heating 
WPI 
0 2221±195
a
 4692±429
a
 5237±286
a
 2186±146
a
 
0.4 2114± 7.1
a
 4252±578
a
 4364±246
ab
 2025±33.2
a
 
1 1290±180
b
 3054±276
a
 3214±273
b
 1307±155
b
 
2.5 114±82.7
c
 488±69.3b 1202±43.8
c
 67±9.2
c
 
MPC 
0 355±13
a
 1482±50.2
a
 1555±35.4
b
 427±8
a
 
0.4 328±14.4
a
 1431±43.1
a
 1521±25.5
b
 393±10
a
 
1 259±26.9
b
 1098±160
b
 1271±92
c
 307±18.4
b
 
2.5 132±32
c
 851±133
ab
 1892±25
a
 149±38
c
 
SMP 
0 316±70
a
 1373±216
ab
 1425±226
a
 342±61
a
 
0.4 365±62
a
 1686±400
a
 1708±371
a
 374±31
a
 
1 234±50
ab
 1013±216
ab
 1150±130
a
 252±49
a
 
2.5 105±11
b
 685±50
b
 1419±140
a
 101±7
b
 
Means (n=2) of each milk protein type were compared within a column. Different letters mean significant difference (p < 
0.05).  
4.3.1.1 WPI gels 
During acidification, for all WPI samples, with and without gelatin, G′ showed a steep increase at 
the beginning, indicating rapid gelation (Figure 4-1A). This increase in G′ was accompanied by a 
sharp decrease of pH. Then G′ became more stable at pH around 5.5. Gelation of whey proteins 
started only in the acidification step (Figure 4-1A). The protein concentration used in this work was 
lower than the minimum required for thermal gelation. So the heat treatment (95 ˚C for 10 min) did 
not cause gelling of WPI, although the whey proteins would have been denatured with partial 
unfolding and subsequent aggregation into fine strands (Cavallieri & Cunha, 2009; Cavallieri & Da 
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Cunha, 2008; Ju & Kilara, 1998). More than 90% whey proteins could be denatured with the heat 
treatment conditions used in this study (Vasbinder et al., 2003). The decrease of pH towards the pI 
of whey proteins (~ 5.3) reduces the electrostatic repulsion among the protein aggregates and 
promotes hydrophobic interactions and interchange reactions between sulfhydryl groups and 
disulfide bonds (Graveland-Bikker & Anema, 2003; Hashizume & Sato, 1988b), resulting in 
gelation. This process is known as cold-gelation (Cavallieri & Da Cunha, 2008). The maximum G′ 
of the WPI gel without gelatin reached as high as 2000 Pa. Similar results were reported by (de 
Jong, Klok, & van de Velde, 2009). The mixed gels showed much lower G′ values than pure WPI 
gels except for the gel with 0.4% gelatin, which had G′ value similar to that of pure WPI gel. The 
decrease of G′ by addition of gelatin increased with increasing concentration of gelatin. At the end 
of acidification, the maximum G′ of the WPI gel with 1 and 2.5% gelatin was ~ 1290 and 114 Pa, 
respectively (Table 4-1). During this stage, gelatin could not form a gel due to the high temperature. 
Therefore, it is clear that WPI is the only gelling agent during acidification. Gelatin seemed to 
interrupt the cold-set acid gelation of whey proteins in its coiled (ungelled) form. However, it has 
been previously reported that in heat-set gels, gelatin did not affect the gelation of the whey proteins 
during heat treatment and the formation of a whey protein network was independent of gelatin 
concentration (Walkenstrom & Hermansson, 1996). These differences in the effect of addition of 
gelatin must be due to the different gelation mechanisms of cold- and heat-set whey protein gels.  
In the cooling stage, all gels showed an increase in G′ (Figure 4-1B), because of the swelling of the 
particles and junctions (Lucey et al., 1997b) and also gelation of gelatin in mixed gels. The gel with 
2.5% gelatin showed an obvious change in the trend of the G′ value at 23 ˚C, which is the gelling 
temperature of gelatin at 2.5% concentration (Chapter 3). The gels with 0.4 and 1% gelatin did not 
show any fluctuation. The results were in agreement with our previous study on pure gelatin 
gelation, which showed that gelatin concentration of > 1% was required for gelation during the 
cooling stage (Chapter 3). During the annealing stage, G′ of the WPI gel and gels containing 0.4 and 
1% gelatin showed little change, while G′ of the gel with 2.5% gelatin showed an increase (Figure 
4-1C).  
In the heating stage, the G′ of pure WPI gel and the gel with 0.4 and 1% gelatin decreased without 
apparent inflection, while the gel with 2.5% gelatin showed a dramatic decrease between 20 and 27 
˚C (Figure 4-1D). For the pure WPI gel, the decrease of G′ of gel during heating has been reported 
before (Lucey et al., 1997b). It was stated that higher temperatures led to more or stronger 
hydrophobic bonds, which could cause the particles to shrink and consequently interactions and 
contact junctions between particles would be weakened. For mixed gels, the decrease in G′ was 
caused by both changes in the milk protein network and melting of gelatin. These results were in 
 63 
 
agreement with the melting profiles of pure gelatin gel (Chapter 3). The gels, however, did not melt 
completely, indicating a continuous whey protein gel. It seems that during heating, melting of 
gelatin does not disrupt the continuity of the WPI gel, which is still preserved in the form of a 
continuous matrix. Similar results have been reported for a heat-induced whey protein gel with 
added κ-carrageenan; the protein gel remained after the κ-carrageenan network melted (Turgeon & 
Beaulieu, 2001).  
 
Figure 4-1. Changes in G′ of WPI gels at 4.5% protein concentration, without (—) or with 0.4 (…), 1.0 (--) and 2.5% (－˙－) 
gelatin. A, the acidification stage at 45 ˚C; B. the cooling stage from 45 to 10 ˚C; C. the annealing stage at 10 ˚C; D. the 
heating stage from 10 to 45 ˚C; ××× in (A) denotes the change in pH over time during the acidification stage. 
Further microscopic studies are warranted to elucidate this hypothesis. In addition, the final G′ of all 
gels at the end of the heating step reached a value similar to that at the end of the acidification step 
(Table 4-1), suggesting gelation and melting of gelatin have little influence on the continuity of the 
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WPI gel. Similar results were found in heat-set WPI gels with gelatin (Cooney, Rosenberg, & 
Shoemaker, 1993; Walkenstrom & Hermansson, 1994, 1996). From the results of these four stages, 
the negative effect of gelatin on the WPI gel (decrease in G′) appeared to occur in the acidification 
stage. From the results of Chapter 3, no interaction was observed in the gelatin/WPI system. 
Nevertheless, the presence of gelatin molecules and aggregates may cause some steric interference 
to the formation of a whey protein network, resulting in lower elastic modulus. Simultaneously, 
segregative phase separation has been acknowledged in mixed systems of milk proteins and 
hydrocolloids that do not have strong electrostatic interactions with milk proteins (Ye, 2008); this 
could also inhibit the formation of whey protein network. A heat-induced gelatin A/WPC mixed gel 
was also reported to be a bicontinuous gel (Walkenstrom & Hermansson, 1996). It was reported that 
phase separation in whey protein gels with polysaccharides only occurs when the pH approaches the 
isoelectric point of the proteins where the gelation of proteins occurs and phase separation only 
happens when the system is liquid and not in a gel. The microstructure does not change much after 
the system gels (de Jong, Klok, & van de Velde, 2009). During gelatin gelation, the gelatin strands 
form in the pores of WPI gel and do not destroy its continuity. Gelation of the main component of 
whey protein isolate, β-lactoglobulin, has been studied together with κ-carrageenan (Eleya & 
Turgeon, 2000). It was found that a bicontinuous gel was formed by independent conformational 
changes in β-lactoglobulin during heating and cooling; no interactions occurred between the two 
components, as indicated by identical profiles from differential scanning calorimeters for pure β-
lactoglobulin gel and κ-carrageenan mixed gel. The authors suggested that upon cooling, the κ-
carrageenan gelled in the pores of the protein network and also formed a continuous network (Eleya 
& Turgeon, 2000). Therefore, the final G′ of the gel after annealing is considered to be due to a 
balance between the decrease of gel strength by phase separation in the acidification stage and an 
increase of gel strength by gelatin gelation during the cooling stage. It is possible that in WPI gels, 
the effect of phase separation by gelatin exceeded the effect of its gelation, thereby causing lower 
final G′ in mixed gels. Different results have been obtained with different hydrocolloids, for 
example, gellan gum, κ-carrageenan, pectin and gelatin were reported to increase G′ of WPI gel to 
varying degrees (de Jong, Klok, & van de Velde, 2009; de Jong & van de Velde, 2007).  
4.3.1.2 MPC gels 
The G′ for all the MPC gels increased rapidly in the first 25 min of acidification (Figure 4-2A).  The 
pH decrease during acidification causes solubilization of the colloidal calcium phosphate, which 
leads to micellar aggregation, formation of micellar clusters and increase in G′ (Gastaldi, Lagaude, 
& De La Fuente, 1996). The formation of disulphide cross-linkages between denatured whey 
proteins and casein chains during the preheat treatment also plays an important role in the gelation 
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(Sadeghi, 2012). After the first 25 min, the G′ showed little change for the next hour, corresponding 
to the pH decrease from 5.2 to 4.8. This could be due to the reincorporation of casein into the 
micelle structure (Gastaldi, Lagaude, & De La Fuente, 1996). After 100 min, when the pH was 
around 4.6, the G′ increased linearly till the end of the acidification step for all samples (Figure 
4-2A). At pH 4.6, chains and clusters of casein particles are formed to constitute the final network 
(Gastaldi, Lagaude, & De La Fuente, 1996).  
During the acidification step, a decrease in G′ of MPC gels by gelatin was observed. The 
interference increased with increasing gelatin concentration from 0.4 to 2.5%. Gelatin has been 
reported to lower the gel strength of acid caseinate gel during the acidification step (Koh, Merino, & 
Dickinson, 2002) and similar results have been observed for MPC gels containing low methoxy 
pectin and λ-carrageenan (Everett & McLeod, 2005; Matia-Merino, Lau, & Dickinson, 2004; 
Matia-Merino & Singh, 2007). The authors attributed the reduction of gel strength to inhibition of 
casein network rearrangements due to interactions between casein and hydrocolloids (Koh, Merino, 
& Dickinson, 2002). The steric interference as well as electrostatic repulsions is reduced when the 
pH is below the pI of casein. The negatively charged polysaccharides could adsorb onto the casein 
micelle surface, by interacting with net positively charged patches on κ-casein. If the concentration 
of the polysaccharides is higher than that required for saturation coverage of the casein micelles, 
depletion flocculation may take place and phase separation may occur (Everett & McLeod, 2005; 
Matia-Merino, Lau, & Dickinson, 2004; Matia-Merino & Singh, 2007; Snoeren et al., 1975). 
However, gelatin is negatively charged at pH higher than 5.0 and slightly positively charged at pH 
lower than 5.0. Therefore, one possibility is that in the MPC/gelatin system, gelatin interacted with 
the positively charged patch of κ-casein during the acidification step when the pH was higher than 
5.0 and decreased the G′. As can be seen from Figure 4-2A, G′ was higher for the pure MPC gel 
than mixed gels from the beginning of the acidification step, where the pH was higher than 5.0. 
With high gelatin concentration (2.5%), depletion flocculation may have taken place and phase 
separation occurred.  
During the cooling and annealing stages (Figure 4-2B, C), gelatin showed a similar effect on MPC 
gels as on WPI gels, except that G′ of the gel with 2.5% gelatin surpassed the value of the pure 
MPC gel during the annealing stage. This could be because the gelation of 2.5% gelatin increased 
the elasticity of the MPC gel, which supplemented and exceeded the decrease in G′ during the 
acidification step; the increase in gel elasticity by gelation of 0.4 and 1% gelatin was insufficient to 
negate the G′ decrease during acidification. In the heating stage (Figure 4-2D), G′ of all gels 
decreased. Unlike WPI gels, the MPC gel with 1% gelatin showed an inflection at around 25 ˚C 
which corresponded to the melting temperature of pure gelatin gels at 1% (Chapter 3). The 
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difference could be attributed to the much higher G′ of the WPI gels than the MPC gels, therefore 
the small inflection by 1% gelatin melting could not be detected in the profiles of the WPI gels. 
 
Figure 4-2. Changes in G′ of MPC gels at 4.5% protein concentration, without (—) or with 0.4 (…), 1.0 (--) and 2.5% (－˙－) 
gelatin. A, the acidification stage at 45 ˚C; B. the cooling stage from 45 to 10 ˚C; C. the annealing stage at 10 ˚C; D. the 
heating stage from 10 to 45 ˚C; ××× in (A) denotes the change in pH over time during the acidification stage. 
Similar results have been reported for mixed gels of sodium caseinate and β-glucan, an inflection 
corresponding to the melting point of β-glucan was observed in gels containing sufficient β-glucan 
(Kontogiorgos et al., 2006). At the end of the heating stage, the G′ values of all gels were about 40–
70 Pa higher than the values at the end of acidification and still decreasing slowly (Table 4-1), 
indicating that, like the WPI gels, the MPC gels recovered to the situation before gelatin gelation. 
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4.3.1.3 SMP gels 
The SMP gels showed a similar trend to the MPC gels (Figure 4-3). However, some differences 
were observed. Firstly, in the acidification stage (Figure 4-3A), SMP started gelling later than MPC. 
The difference might be due to the different mineral composition of the two powders. SMP contains 
larger amounts of free cations than MPC, because most of these ions are removed during the 
manufacture of MPC (Hemar et al., 2002). Minerals could partly prevent the casein micelles from 
aggregating (Schkoda, Hechler, & Kessler, 1999). Secondly, in the annealing stage (Figure 4-3C), 
none of the mixed gels showed higher G′ than pure SMP gel (Table 4-1), indicating that the increase 
in gel elasticity by gelatin gelatin was insufficient to supplement the decrease in gel elasticity 
during the acidification stage. Therefore, the effect of gelatin on the milk protein gels may not only 
be determined by the milk proteins, but also other components such as the minerals and lactose. 
Further study needs to be done to understand the mechanism better. 
From the results of the four stages in the MPC and SMP gels, it can be seen that, like the WPI gels, 
the negative effect of addition of gelatin on the G′ of the gels occurred in the acidification stage. For 
all three types of protein gels, the formation of mixed gels with gelatin could be divided into two 
stages. One stage is when the temperature is above the coil-to-helix transition temperature of gelatin 
and the gelatin molecules are free or bound to proteins in the random coil conformation interfering 
with the formation of milk protein gels. This interference mainly happens in the acidification stage 
before the milk gel is fully formed. The second stage is when the temperature is below the transition 
temperature of gelatin, which indicates gelation of the gelatin. This stage can improve the gel 
strength of protein gels. A similar gelation mechanism has been reported for sodium caseinate/κ-
carrageenan mixed gels (Ribeiro et al., 2004). 
In addition, a subtle difference could be observed among the WPI, MPC and SMP gels when gelatin 
started melting. In the WPI and MPC gels, melting of gelatin caused a smooth decrease in G′ 
without disturbing the existing milk gels (Figure 4-1D). Two trends of a decrease of G′ could be 
seen: one caused by gelatin and milk proteins together and the other caused by milk proteins only. It 
seemed that the milk protein gel and gelatin gel were not strongly interacting with each other. In the 
SMP gels (Figure 4-3D), the G′ increased again after gelatin had melted and became stable after 30 
˚C. It seems that the melting of gelatin at 2.5% in the mixed SMP gel affected the cohesion of the 
system, and after the gelatin had totally melted, the SMP gel structure rearranged and G′ increased. 
This observation may indicate a stronger interaction existed between gelatin gel and SMP gel than 
with MPC and WPI.   
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Figure 4-3. Changes in G′ of SMP gels at 4.5% protein concentration, without (—) or with 0.4 (…), 1.0 (--) and 2.5% (－˙－) 
gelatin. A, the acidification stage at 45 ˚C; B. the cooling stage from 45 to 10 ˚C; C. the annealing stage at 10 ˚C; D. the 
heating stage from 10 to 45 ˚C; ××× in (D) denotes the change in pH over time during the acidification stage. 
4.3.2 Texture analysis 
Figure 4-4 shows representative penetrometry profiles of the milk protein gels with different 
concentrations of gelatin. Very different profiles were obtained from the three types of milk protein 
gels. For pure gels, WPI gels showed a sharp peak at fracture, while MPC and SMP gels showed 
relatively smooth profiles, which was different from the previous study on commercial set yogurt 
reported by Salvador & Fiszman, 2004. In that study, an obvious fracture peak was observed for all 
the yogurt samples. The difference could be due to the ingredients in the commercial yogurt used in 
that study, such as milk fortifiers and other stabilizers, which could induce a firmer gel. In our study, 
the different profiles are due to WPI forming a strong gel which required a high force to break, 
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while both MPC and SMP formed weaker gels which broke during analysis at comparatively lower 
fracture force and lower displacement (the distance at fracture) than the WPI gels. SMP gels seemed 
more deformable than MPC gels, with lower fracture force. Also, the difference between pure gels 
and mixed gels could be observed from the shape of profiles. WPI mixed gels were WPI-dominated 
gels, as the shape of the profiles were very similar to that of pure WPI gels and only changed at 
high gelatin concentration (2.5%). In MPC gels at any concentrations of gelatin and SMP at ≥1% 
gelatin, the curves became very smooth after fracture indicating an improvement of textural 
smoothness of the gels by gelatin (Fiszman, Lluch, & Salvador, 1999).   
 
Figure 4-4. Texture profiles of acid milk protein gels at 4.5% protein concentration without (—) or with 0.4 (…), 1.0 (--) and 
2.5% (－˙－) gelatin. A. WPI; B. MPC gels; C. SMP gels.  
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Specific to each kind of gel, gel firmness was calculated as the initial slope of the penetrometry 
curves and the results were compared between different concentrations of gelatin (Table 4-2). The 
pure WPI and MPC gels had significantly higher firmness than their respective mixed gels. Similar 
results have been reported for a range of polysaccharides on cold-set WPI gels (de Jong & van de 
Velde, 2007; Li, Eleya, & Gunasekaran, 2006). However the negative effect of gelatin on firmness 
was not always concentration-dependent, which could be attributed to the balance between the 
decrease in gel strength during acidification and the increase in gel strength during annealing. 
Unlike other gels, SMP gels with gelatin showed higher firmness than pure SMP gels with 2.5% 
gelatin being the firmest.  
In addition, the fracture force of gels was recorded (Table 4-2). Low breaking force at fracture 
indicates high fracturability. Gelatin lowered the fracture force in both WPI and MPC gels and an 
increase was only seen in the SMP gel with 2.5% gelatin. It seemed that a positive effect of gelatin 
on the texture of milk protein gels could only be seen in the SMP gel, which may indicate that 
gelatin was more compatible with SMP in textural construction of gels than with WPI and MPC.  
Table 4-2. Effect of gelatin on penetration parameters and water holding capacity (WHC) of acid milk protein gels  
Milk protein 
Gelatin 
concentration 
(%) 
Firmness (N) 
Fracture 
Force (N) 
WHC (%) 
WPI 
0 0.20±0.01 
a
 2.78±0.19 
a
 100±0 
a
 
0.4 0.14±0 
c
 1.47±0.17 
b
 100±0 
a
 
1.0 0.18±0.01 
b
 1.80±0.02 
b
 100±0 
a
 
2.5 0.12±0 
c
 0.87±0.03 
c
 100±0 
a
 
MPC 
0 0.20±0 
a
 1.07±0.03 
a
 82.77±0.54 
c
 
0.4 0.10±0 
c
 0.81±0.02 
b
 91.73±0.81 
b
 
1.0 0.13±0 
b
 0.50±0.02 
d
 100±0 
a
 
2.5 0.13±0.01 
b
 0.62±0.03 
c
 100±0 
a
 
SMP 
0 0.07±0 
d
 0.31±0.01 
b,c
 98.52±0.15 
b
 
0.4 0.13±0 
b
 0.40±0.04 
b
 98.49±0.76 
b
 
1.0 0.09±0.01 
c
 0.22±0.02 
c
 100±0 
a
 
2.5 0.16±0 
a
 0.58±0.011 
a
 100±0 
a
 
Means (n=3) at different gelatin concentrations are compared only within a column and only within a milk protein type; 
mean values with different letters are significantly different (p < 0.05). 
Comparing different protein gels at fixed gelatin concentration, it was found that at 2.5% gelatin 
concentration the differences between gel firmness and fracturability of different protein gels were 
negligible. It seemed that at higher gelatin concentrations, the textural characteristics of all milk 
 71 
 
protein gels became more gelatin-dominated. This is in agreement with the study on gelatin type A 
by Fiszman and Salvador (1999) and similar results have been reported on whey protein gels with 
κ-carrageenan (Turgeon & Beaulieu, 2001).  
The texture results did not correlate very well with the rheology results. For example, mixed gels of 
MPC with 2.5% gelatin showed higher final G′ in the annealing stage than pure MPC gels, while 
the opposite result was obtained for gel firmness. The lack of correlation between the results of 
these two methods may be due to sample deformation in the measurement. Rheological 
measurements were conducted with a small deformation (strain 0.5%) and texture analysis was 
conducted with 33% deformation. Different information could be obtained from these two methods 
(Beaulieu, Turgeon, & Doublier, 2001). 
4.3.3 Water holding capacity  
The results of water holding capacity (WHC) are shown in Table 4-2. WPI gels showed no 
supernatant expulsion after centrifuging with or without gelatin, therefore 100% WHC was obtained. 
Both MPC and SMP gels showed some supernatant expulsion without gelatin after centrifuging. 
From rheology and texture analysis of the gels, WPI formed much firmer gels than MPC and SMP, 
which could result in higher WHC. The structure of acid casein gels, especially made with heated 
milk, was reported to show large pores and dense aggregates, due to the rearrangements of protein 
clusters and particles (Lucey, 2001). This could lead to low WHC in MPC and SMP gels (Unal, 
Metin, & Isikli, 2003). Also, WHC was higher for SMP than for MPC gels, which could be 
attributed to the higher total solids content of the SMP gel (Remeuf et al., 2003). The WHC of both 
MPC and SMP gels were improved by adding gelatin. With ≥1% gelatin, both gels showed 100% 
WHC and for the MPC gels, 0.4% gelatin significantly increased its WHC. The effect of gelatin on 
WHC in yogurt has been previously reported (Fiszman, Lluch, & Salvador, 1999). 
Interestingly higher WHC (100%) was obtained in SMP gels with 1% gelatin than with 0.4% 
gelatin (98.45%); however these gels had lower gel firmness and storage modulus during annealing. 
Therefore, with the appropriate concentration, gelatin could effectively increase the WHC of milk 
protein gels while not increasing the gel strength; the critical concentration could also depend on the 
gelatin type and bloom. This is a unique property of gelatin since most of other ingredients increase 
both WHC and gel firmness simultaneously (Lucey, 2001), and this property of gelatin could be 
useful in applications such as yogurt, .  
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4.4 Conclusions 
Small deformation rheology, texture analysis and water holding capacity evaluation provided useful 
information on the nature of milk protein/gelatin gels. Rheology was useful for monitoring the 
process of gelation and the results provide a better understanding of manufacturing process of dairy 
products with gelatin, such as yoghurt. According to the results of this study, general observations 
were obtained from all the three milk gels. The interference in milk gel formation by gelatin most 
likely occurs in the acidification step and the interference was gelatin concentration dependent. 
During the cooling and annealing stages, gelatin gelled but the milk protein gels were affected little 
by the gelatin gelation and bicontinous gels were likely formed. This process was expected to 
enhance the strength of the milk protein gels and the enhancement was also dependent on the 
gelatin concentration. If the enhancement in these two stages exceeded the interference effect in 
acidification stage, the final G′ at the end of annealing stage for the mixed gel would be higher than 
for the pure gel; this was the case of the MPC gel with 2.5% gelatin. Otherwise the final G′ values 
of the mixed gels, such as 1% gelatin containing gels, were lower than those of the pure protein gels. 
Addition of 0.4% gelatin did not affect the gels significantly. In the heating stage, gelatin melted 
and the G′ returned to the value at the end of the acidification step. This again proved that the 
negative interference by gelatin occurred only in the first (acidification) step; otherwise the G′ at the 
end of the heating step would have been even lower. Specific to each milk protein gel, steric 
interference and phase separation could be the main causes of the interference by gelatin in WPI 
gels during acidification stage, while for MPC and SMP gels, the effect could be induced by steric 
interference and interaction between gelatin and κ-casein at pH above 5. The other components in 
milk powders, i.e. minerals and lactose, may also affect the interaction between gelatin and milk 
proteins, and further study needs to be done to understand this thoroughly. 
Addition of gelatin decreased the firmness and increased the fracturability of all the gels except in 
SMP gels. The results suggest that gelatin can enhance the water holding capacity of milk protein 
gels without increasing their firmness, and that WPI gels have very high water holding capacity, 
which is valuable in yogurt manufacture.   
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5  Effect of addition of gelatin on the microstructure of acid 
milk protein gels  
5.1 Introduction 
In Chapter 4, we studied the rheological properties of acid milk protein gels with and without 
gelatin during four stages: acidification, cooling, annealing and heating. To better understand and 
control the properties of milk protein gels, like in yogurt, knowledge of the microstructure of the 
gels is crucial (Sanchez et al., 2000). Few studies have been published on the microstructure of 
milk-gelatin acid gels. In the 1970s, Kalab, Emmons, and Sargant (1975) reported that the gelatin in 
yogurt could not be detected by either scanning electron microscopy (SEM) or transmission 
electron microscopy (TEM), even at a very high concentration (10%). No clear microscopic 
differences were found between yogurt with and without gelatin, although the macroscopic 
differences were apparent. Fiszman, Lluch, & Salvador (1999) carried out a study using cryo-SEM, 
in which 1.5% gelatin was added to both a reconstituted milk gel and yogurt. They found that a 
large difference in microstructure was induced by the addition of gelatin to the milk protein gel. 
Addition of gelatin changed the microstructure of heated-acid milk protein gels from ragged and 
fuzzy to smooth and compact and the gelatin formed flat sheets or surfaces which interacted with 
the casein matrix and connected the granules and chains of milk proteins. Cryo-SEM is a powerful 
technique for observing samples which are difficult to observe by conventional SEM; however, 
attention must be paid to the possible formation of artifacts by this method. The formation of ice 
crystals can displace structural elements and destroy the original structure (Kalab, Allanwojtas, & 
Miller, 1995). Heat-induced whey protein–gelatin mixed gels were studied with TEM by 
Walkenstrom and Hermansson (1996, 1997) and gelatin was observed at certain pH (5.4, 6.8 and 
7.5) as fine strands in the gaps of a coarse structure formed by the whey proteins; however, the 
gelatin strands and whey protein strands were indistinguisable at pH 3.0.  
SEM has been a very useful technique for determining the microstructure of milk protein gels with 
simple specimen preparation and to provide a three-dimensional image (Kalab & Harwalkar, 1973). 
The microstructure of milk gels with polysaccharides has been studied widely using SEM 
(Cavallieri & Cunha, 2009; Hood, Seifried, & Meyer, 1974; Sanchez et al., 2000). The specimens in 
the study of Kalab, Emmons, and Sargant (1975) were prepared by freeze drying after fixation and 
observed at accelerating voltage of 20 kV. The relatively high accelerating voltage may induce the 
risk of structure damage, especially with the technique of freeze drying during specimen preparation; 
while at a low acceleration voltage, the freeze drying technique was reported to produce poor 
resolution (Trieu & Qutubuddin, 1994). Critical point drying (CPD) has been used widely to 
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produce dried specimens for SEM, which can provide distortion-free images (Bray, Bagu, & 
Koegler, 1993).  
Therefore, CPD was used in the present SEM study. In order to determine the functional role of 
gelatin in acid milk protein gels, the microstructure formation was followed from acid-induced milk 
gelation to cooling-induced gelatin gelation and heat-induced gelatin melting, which corresponds 
with the four stages reported in our previous rheological study (Chapter 4). 
5.2 Materials and Methods 
5.2.1 Materials 
Gelatin B, whey protein isolate (WPI), milk protein concentrate (MPC), skim milk powder (SMP) 
and glucono-delta-lactone (GDL) used were the same as in Chapter 4.  
5.2.2 Methods 
5.2.2.1 Scanning Electron Microscopy (SEM) 
Milk protein dispersions with or without gelatin were prepared as described in Chapter 4. After 
addition of GDL, samples were transferred to a temperature-programmable water bath (Thermo 
Haake, C25P, Karlsruhe, Germany). The temperature profile set for the water bath and six points  
for microscopy observation  are shown in Figure 5-1. Four stages were followed in the temperature 
profile: acidification: 45 ˚C for 4 h; cooling: 45 to 10 ˚C, 1 ˚C/min; annealing: 10 ˚C for 2.5 h and 
heating: 10 to 45 ˚C, 1 ˚C/min. During these four stages of temperature profiling, six samples were 
taken at point 1: end of acidification, where the pH was ~4.6, point 2: 10 min from the start of 
annealing, point 3: 30 min from the start of annealing, point 4: end of annealing, point 5: at 35 ˚C 
during heating and point 6: at 45 ˚C during heating. 
 
Figure 5-1. Temperature profile of the samples in water bath. The symbol (♦) indicates the points where the samples were 
taken for microscopy observation. 
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Microstructure: 
The microstructure of the gels was determined by SEM as described in Chapter 3. Gel at each point 
as listed above was fixed, dehydrated and then dried with a CO2 critical point dryer (Tousimis 
Automatic). Dried samples were platinum-coated and observed with a scanning electron microscope 
(JEOL 6610) at an acceleration voltage of 10 kV. 
5.2.2.2 Confocal Laser Scanning Microscopy (CLSM) 
Rhodamine B (0.1% (w/w) was added to milk protein/ gelatin dispersions to dye the protein prior to 
acidification (20 µL per mL sample). After GDL addition and stirring, a drop of dispersion was 
transferred to a microscope slide, covered with a glass cover slip and sealed with nail polish to 
prevent evaporation. The slide was then kept at 45 °C for 4 h before observing the microstructure 
corresponding to Point 1 in SEM. CLSM was performed using an inverted microscope (Zeiss LSM 
700), equipped with an Ar/Kr laser. A wavelength of 568 nm was used to excite the Rhodamine-
labeled proteins. Images were taken using a 60x oil immersion objective (de Jong, Klok, & van de 
Velde, 2009).  
5.3 Results and discussion 
Since the microstructure of the pure milk protein gels and gels with 0.4% gelatin did not change 
much during the whole process after acidification. The microstructural change of the milk proteins 
that led to the increase or decrease of storage modulus (G′) during cooling or heating stage was not 
observed by SEM. Results for those gels are only shown at the end of acidification (point 1) and 
annealing (point 4) for comparison with other gels.  
5.3.1 Acidification stage 
During the acidification stage, the milk proteins started gelling due to the pH decrease, while gelatin 
was still dissolved in the solvent phase because of the high temperature. Therefore, the effect of 
coil-form of gelatin on microstructure formation of the milk protein gels was observed from the 
results at point 1 (Figure 5-1), where the pH was ~4.6.  
The micrographs of pure WPI gel at point 1 revealed a porous, homogeneous structure (Figure 
5-2A). Protein aggregates were evenly distributed among the protein network, connected by some 
thin strands. Pure MPC gels showed that milk proteins formed a three-dimensional and branched 
network of chains and clusters (Figure 5-2B). Round clusters were distributed in a well-organized 
network; a very similar network was formed in pure SMP gels (Figure 5-2C). The diameter of the 
casein particles was 0.2-0.3µm and the average pore size was about 1-2 µm. Similar results have 
been previously reported (Aichinger et al., 2003; Cavallieri & Cunha, 2009; Walkenstrom & 
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Hermansson, 1996). The denser network of the WPI gel than the MPC and SMP gels may explain 
why the WPI gel showed much higher gel strength and water holding capacity in our previous study 
(Chapter 4). Further information about the surface of the particles and how these particles connect 
was not obtained in our study because of the resolution limitation. It has been reported that some 
degree of fusion between casein micelle particles or between casein and whey proteins can be seen 
from SEM (Kalab & Harwalkar, 1973). However TEM micrographs revealed that the casein 
particles were connected by some filamentous structures or aggregates located on the surface of 
casein particles, rather than being fused (Sanchez et al., 2000). Also, it was reported that heat 
treatment before acidification plays an important role in the formation of filaments and aggregates. 
The denatured whey proteins form a covalent complex with the κ-casein located at the surface of 
casein micelles. These complexes connect with other denatured whey proteins associated with 
micelles, acting as bridges (Kalab & Harwalkar, 1974; Modler & Kalab, 1983).  
At this point, the microstructures of mixed gels were very similar to that of corresponding pure milk 
protein gels and no gelatin network could be observed. However, some differences could still be 
observed. With increasing gelatin concentration, the network appeared increasingly heterogeneous 
with thicker chains and larger clusters, except for the SMP gel (Figure 5-2L) in which no clear 
differences could be seen. This change could be seen more clearly in the gels with 2.5% gelatin 
(Figure 5-2J-K). In WPI/2.5% gelatin gel (Figure 5-2J), highly compacted whey protein particles 
and larger pores (~ 1µm) than in the pure WPI gel (~ 0.5 µm) were observed. In MPC/2.5% gelatin 
gel (Figure 5-2K), the casein particles were grouped in thicker chains and larger clusters than in the 
pure gel.  
 
 77 
 
Figure 5-2. SEM micrographs of acid WPI (left), MPC (middle), SMP (right) /gelatin gels at point 1 (end of acidification 
stage), with gelatin concentration 0 (A-C), 0.4(D-F), 1(G-I), 2.5% (J-L) (w/w). Scale bars in the images are 1 µm. 
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Figure 5-3. CLSM micrographs of acid WPI (top), MPC (middle), SMP (bottom) /gelatin gels at point 1 (end of acidification 
stage), with gelatin concentration 0 (A-C) and 2.5% (D-F). Scale bars in the images are 10 µm. 
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To confirm these observations, confocal microscopy was used to examine the three milk protein 
gels with 2.5% gelatin at point 1. Results are shown in Figure 5-3. In gelatin-containing gels (Figure 
5-3D-F), the networks were more heterogeneous and there was a clear phase separation into a 
protein-rich phase (red) and a serum phase (black). The SMP gel with gelatin also exhibited 
apparent phase separation. It appears that the presence of a high gelatin concentration prevented the 
formation of strands and clusters of milk proteins. This observation explains very well the results of 
Chapter 4, where gelatin reduced the strength of the network in the acidification stage. Phase 
separation has been acknowledged in mixed systems of milk proteins and hydrocolloids that do not 
have strong electrostatic interactions with milk proteins (Ye, 2008). Similar results with confocal 
microscopy have been reported for cold-set gels of WPI/ ‗low charge density‘ gums (LBG, gellan 
gum, κ-carrageenan and HM pectin) (de Jong, Klok, & van de Velde, 2009). In caseinate/pectin 
mixed gels, a more open microstructure and larger pore size was found with increasing pectin 
concentration (Matia-Merino, Lau, & Dickinson, 2004; Matia-Merino & Singh, 2007).  
In addition, the presence of gelatin, regardless of concentration, only changed the density of the gel 
network, not the size of the primary casein particles and whey protein particles. The large clusters 
formed in gels with gelatin could still be seen to be comprised of small particles (Figure 5-2). 
Similar results have been found for milk gels with certain polysaccharides (Sanchez et al., 2000).  
5.3.2 Cooling and annealing stages 
In the cooling and annealing stages, gelatin was expected to start gelling and the changes in the 
microstructure of the milk protein gels were followed. However, no gelatin strands were observed 
in any samples during the cooling stage (data not shown), which differed from the rheological 
observations (Chapter 4). This could be attributed to the methods used to prepare the samples. For 
the rheology study, the sample was a thin layer on a rheometer plate, which ensured the sample 
temperature was very close to the set temperature of the machine. For the microstructure study, the 
sample was prepared in bulk, so there was some delay in the samples reaching the set temperature. 
Therefore, gelatin gelation in the acid milk protein gels was only observed in the annealing stage. 
After 10 min at 10 °C (the point 2) (Figure 5-4), the gels with 1% gelatin showed similar structure 
to those taken at point 1 and no gelatin strands could be seen. But, in the MPC and SMP gels, some 
small particles located on the surface of casein aggregates could be observed (Figure 5-4B, C) and 
these could be gelatin aggregates that formed before the strands were formed. In the gels with 2.5% 
gelatin, gelatin strands can be seen clearly, except in SMP gel (Figure 5-4F) which cannot be 
explained by current knowledge. In WPI/2.5% gelatin gel, it seems that gelatin strands repelled the 
existing whey protein gel strands and the protein phase became heterogeneous with large clusters 
and voids (Figure 5-4D). The network was composed of two different sub-phases: one rich in 
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protein aggregates and one formed by gelatin filaments which appeared to interact with the protein 
aggregates. In MPC/2.5% gel, some thin gelatin strands were seen connecting the casein particles 
(Figure 5-4E). Unlike WPI gels, in both MPC and SMP gels, the existing milk gel structure was not 
changed; the apparent diameter of pores remained the same as in the pure gels. 
After 30 min at 10 °C (point 3) (Figure 5-5), filamentous gelatin strands could be observed clearly 
in the gaps between the milk protein strands and small aggregates were observed on the surface of 
the casein particles in both the MPC and SMP gels with 1% gelatin (Figure 5-5B, C). In WPI/1% 
gelatin gel, the gel structure changed a little, with some large voids appearing and protein clusters 
becoming larger (Figure 5-5A). Gelatin strands can also be seen in the voids, which are thinner than 
whey protein strands; this is in agreement with the TEM results of the study by Walkenstrom and 
Hermansson (1997). In gels with 2.5% gelatin, the gel structure was changed markedly by extensive 
gelation of gelatin. Specifically, in the WPI/2.5% gelatin gel (Figure 5-5D), an over-aggregated 
network was formed; very large whey protein clusters were observed and gelatin strands became 
very dense with no clear strands being visible. In the MPC/2.5% gelatin gel (Figure 5-5E), gelatin 
formed not only strands, but also films that were distributed on the surface of casein particles and in 
the gaps of the network. A similar micrograph was obtained with the SMP gel except that some 
discontinuity in the gel was also observed (Figure 5-5F), indicating a greater effect of the gelatin 
than in the MPC gel at this point. 
Therefore, the 2.5% gelatin started gelling at 10 min during annealing (except in the SMP gel), the 1% 
gelatin started gelling at 30 min and the 0.4% gelatin did not show any gelation in the entire process. 
These results were in agreement with our rheological results (Chapter 3), high gelatin concentration 
leading to earlier gelation during annealing. This is also in agreement with the report that gelatin 
does not gel when the concentration is less than 1% (Djabourov, Lechaire, & Gaill, 1993). 
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Figure 5-4. SEM micrographs of acid WPI (top), MPC (middle), SMP (bottom) /gelatin gels at point 2 (10 min during 
annealing stage), with gelatin concentration 1(A-C), 2.5% (D-F). Scale bars in the images are 1 µm. Arrows: ga, gelatin 
aggregates; gs, gelatin  
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Figure 5-5. SEM micrographs of acid WPI (left), MPC (middle), SMP (right) /gelatin gels at point 3 (30 min during annealing 
stage), with gelatin concentration 1(A-C), 2.5% (D-F).  Scale bars in the images are 1 µm. Arrows: ga, gelatin aggregates; gs, 
gelatin strands; gf: gelatin film  
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The results for all the gels at the point 4, which was the final gel network at the end of annealing 
stage, are shown in Figure 5-6. Gels with 0.4% gelatin still resembled the pure gels, although the 
milk protein particles were slightly more compact, especially in the WPI gel; no gelatin strands 
could be seen (Figure 5-6A-F). In gels with 1% gelatin, more strands were formed than at the point 
3 and were distributed throughout the entire gel network (Figure 5-6G-I). The WPI gel was highly 
changed and very large voids were observed. In the MPC gel, gelatin formed a film which covered 
the milk protein network. However, the organization of the MPC and SMP gels did not change 
much and the size of the casein particles was not modified by the gelatin. In gels with 2.5% gelatin 
(Figure 5-6J-L), very dense and solid structures were observed; almost no voids could be seen in the 
network. The WPI gel had lost its original porous network and became over-aggregated with almost 
no voids; the MPC and SMP gels still maintained the typical casein gel network and the apparent 
diameter of the casein particles did not change. Microstructures of milk gels with polysaccharides 
have been studied widely and similar results have been obtained (Cavallieri & Cunha, 2009; de 
Jong, Klok, & van de Velde, 2009; Sanchez et al., 2000; van den Berg et al., 2009). The gelation of 
gelatin induces solvent redistribution between the phases as a result of the conformational changes 
that accompany gelation (Beaulieu, Turgeon, & Doublier, 2001). Therefore with high gelatin 
concentration, a large solvent redistribution would be expected and the existing milk gel structure 
would be affected. This could be seen clearly in the WPI/gelatin gels in which gelatin strands 
displaced the existing WPI gel network and the gel became heterogeneous, even at 1% gelatin 
concentration (Figure 5-6G). Therefore, it seems that the WPI network was easier to disrupt by 
gelatin strands than the MPC and SMP networks, even though higher gel strength was observed for 
the WPI gel from the rheology and texture study (Chapter 4). This could be related to the much 
thinner strands in the WPI gel than in the MPC and SMP gels.  
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Figure 5-6. SEM micrographs of acid WPI (left), MPC (middle), SMP (right) /gelatin gels at point 4 (2.5 h during annealing 
stage), with gelatin concentration 0 (A-C), 0.4(D-F), 1(G-I), 2.5% (J-L).  Scale bars in the images are 1 µm. Arrows: ga, 
gelatin aggregates; gs, gelatin strands; gf: gelatin film  
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5.3.3 Heating stage 
During the heating stage, gelatin was expected to melt and the effect of the melting on milk protein 
gels was followed by microstructure observation at two temperature points. At 35 °C (the point 5) 
(Figure 5-7), most of the gelatin strands had melted in the gels with 1% gelatin except in the SMP 
gel (Figure 5-7C) where several gelatin strands could still be seen clearly. In the WPI/1% gelatin 
gel (Figure 5-7A), the gelatin homogeneous, although the WPI aggregates were still more 
compacted than at the point 1 strands could not be seen anymore and the gel network had already 
recovered and become more homogeneous, although the WPI aggregates were still more compacted 
than at the point 1. 
In the MPC/1% gelatin gel (Figure 5-7B), some small aggregates could be seen on the surface of the 
casein particle. In gels with 2.5% gelatin, the structure was not changed much compared to point 4, 
except in the WPI gel (Figure 5-7D). In WPI gel no gelatin strands could be observed, the WPI 
aggregates had become smaller, even smaller than those at point 1, and the network had become 
porous again. The study by Walkenstrom and Hermansson (1997) also reported that upon heating 
heat-induced whey protein/gelatin gels showed fewer dense aggregates. The results again indicated 
that the WPI network could be affected by gelatin more easily than the MPC and SMP networks. 
At 45 °C (the point 6) (Figure 5-8), no gelatin strands could be seen in any of the gels. Gels with 
both concentrations of gelatin showed clear milk gel network similar to those at the point 1. For the 
WPI gels (Figure 5-8A, D), the network continued to reorganize since gelatin melted at the point 5 
and the size of the protein clusters became closer to those at point 1. Higher temperature was 
required to melt all the gelatin at higher concentration, which was in agreement with our rheological 
study in Chapter 3. The results that the structure of milk protein gels could revert to the structures at 
point 1 after melting of gelatin also agreed with previous rheological results (Chapter 4), which 
showed that after melting of gelatin, the strength of the gel was almost the same as before gelatin 
gelation. Therefore, it seems that the gelatin strands were only formed in the gaps or the surface of 
milk proteins without destroying the original gel network and that gelatin reversibly changes the 
milk gel microstructure during its gelation by only displacing and concentrating the existing milk 
protein particles, but not changing the size of the particles. No more particle fusion occurred during 
this change. Similar results were reported by Sanchez et al. (2000). Gelatin only had an effect on the 
particle size of the milk protein gels during acidification, by causing phase separation.  
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Figure 5-7. SEM micrographs of acid WPI (top), MPC (middle), SMP (bottom) /gelatin gels at point 5 (35 °C during heating 
stage), with gelatin concentration 1(A-C), 2.5% (D-F).  Scale bars in the images are 1 µm. Arrows: ga, gelatin aggregates; gs, 
gelatin strands; gf: gelatin film. 
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Figure 5-8. SEM micrographs of acid WPI (top), MPC (middle), SMP (bottom) /gelatin gels at point 6 (45 °C during heating 
stage), with gelatin concentration 1(A-C), 2.5% (D-F).  Scale bars in the images are 1 µm. 
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In summary, the micrographs of gels in different stages correlated with the rheology results from 
chapter 4 very well. During the acidification stage, the presence of gelatin at sufficient 
concentration (higher than 1%) led to a lower storage modulus (G′) than that of the pure milk 
protein gels; a more heterogeneous microstructure with larger milk protein clusters was formed and 
phase separation was observed. During the cooling and annealing stages, gelatin started gelling at 
different gelling temperatures depending on the gelatin concentration, which enhanced the gel 
strength of mixed gels; higher concentrations of gelatin also led to earlier formation of strand-like 
structures, seen in the micrographs. During the heating stage, the G′ of the mixed gels tended to 
revert to the value at the end of the acidification stage; gelatin strands were melted and the milk 
protein structures at point 6 were very similar to those at point 1.  However, the microstructure 
could not quantitatively explain the gel strength from our study. For example, from the rheology 
results, higher gel strength was observed in the MPC gel with 2.5% gelatin than in the SMP gel 
with 2.5% gelatin, but similar microstructures were observed (Figure 5-7E&F). 
5.4 Conclusions 
Scanning electron microscopy was a very useful technique for monitoring the changes in 
microstructure of acid milk protein gels, with and without gelatin, during four stages representing 
the manufacture process and consumption of yogurt. Micrographs proved the hypothesis that gelatin 
forms strands in voids of the milk protein network and at the surface of milk proteins without 
destroying the existing milk gel. When the gelatin in the mixed gels is totally melted, the 
microstructure of the gels reverts to that of the gels before gelation of the gelatin. Therefore, gelatin 
only caused changes to the structure of acid milk protein gels during the acidification stage through 
phase separation, while during the cooling and annealing only the density of existing milk gel 
network is changed and the change is reversible. 
The results from SEM are consistent with those from the rheological study of these gels and help to 
explain the gelling and melting properties of gelatin in acid milk protein gels and the effect of 
gelatin on gel strength.  
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6 Effect of polysaccharides on the rheological, 
microstructural and textural properties of stirred acid milk 
gels 
6.1 Introduction 
Stabilizers have been used in yogurt, especially stirred yogurt, to help maintain good textural 
properties and prevent syneresis. Among all the stabilizers used, gelatin has been considered as the 
most preferable as it gives desirable appearance, texture and flavor to yogurt (Kumar & Mishra, 
2004). Its unique property of melting at body temperature provides fat-like sensory perception 
(Kalab, Emmons, & Sargant, 1975; Salvador & Fiszman, 1998) and is able to effectively reduce 
syneresis in yogurt without increasing the gel firmness excessively (Ares et al., 2007). However, 
religious beliefs and vegetarian lifestyle choices may prohibit certain consumer groups from eating 
yogurt containing gelatin because of its mammalian source.  The risk of potential contamination of 
yogurt with viruses and prions is also a concern with gelatin use. Therefore, finding alternatives to 
gelatin has gained considerable interest in recent years, but the ideal alternative to gelatin has not 
been found so far (Karim & Bhat, 2008). 
One of the most important approaches to replacing gelatin in stirred yogurt is using alternative 
hydrocolloids. Ionic hydrocolloids (e.g. pectin, λ-carrageenan) strengthen the casein network and 
reduce syneresis through interacting with the positive charges on the surface of casein micelles. 
Non-ionic hydrocolloids (e.g. guar gum [guar], locust bean gum [LBG]) do so by increasing the 
viscosity of the continuous phase of yogurt (Everett & McLeod, 2005). Gellan gum, modified starch, 
xanthan gum (xanthan), LBG and pectin have been suggested as potential alternatives to gelatin in 
stirred yogurt (Morrison et al., 1999).  In this study, two types of polysaccharides, ionic (xanthan) 
and non-ionic (guar and LBG) were studied in milk gels to evaluate their potential of replacing 
gelatin. Also, starch has been used widely in yogurt and both associative and segregative 
interactions with milk proteins were reported (Corredig, Sharafbafi, & Kristo, 2011). Therefore, 
starch was also included in this study. Xanthan is a heteropolysaccharide with a primary structure 
consisting of repeating pentasaccharide units. The existence of acetic and pyruvic acid in the 
molecules makes xanthan an anionic polysaccharide (Garcia-Ochoa et al., 2000). Both guar and 
LBG are galactomannans and widely used in the food industry. 
The development of gelatin replacements should be product specific (Morrison et al., 1999). 
However, not many studies on gelatin replacement in yogurt could be found. Only a few studies 
comparing the effect of ingredients, including gelatin, on yogurt properties have been reported 
(Ares et al., 2007; Keogh & O'Kennedy, 1998; Modler et al., 1983) and these studies have focused 
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only on the texture and sensory properties of the final yogurt with gelatin or other stabilizers. The 
underlying mechanism of stabilization of the gel network and syneresis control using gelatin 
alternatives and microstructural properties of the resulting yogurts were barely discussed. In our 
study, the manufacturing process of yogurt from fermentation to storage and consumption was 
followed by dynamic oscillatory rheological measurements and microstructural analysis of the 
product by scanning electronic microscopy. Instead of culture fermentation, the acidulant glucono-
delta-lactone (GDL) was used to simulate yogurt acidification to reduce variation caused by culture 
performance between trials. GDL has been extensively applied in milk gel studies (Hemar et al., 
2002; Lucey et al., 1998; Sanchez et al., 2000). 
The aims of this study were to study the effect of ionicity of gums on the mechanism of their 
stabilization and to evaluate the potentiality of polysaccharides as gelatin replacement in yogurt.  
6.2 Materials and methods  
6.2.1 Materials 
Gelatin B, skim milk powder (SMP) and glucono-delta-lactone (GDL) used were the same as in 
Chapter 4. Xanthan (GRINDSTED 80 ANZ), guar (GRINDTED 250) and LBG (GRINDTED 246) 
were donated by Danisco, France. Carrageenan (GENULACTA type LRA-50, a 1:1 mixture of κ- 
and ι-carrageenan) was kindly provided by CP Kelco ApS, Denmark. Hydroxypropyl distarch 
phosphate modified tapioca starch (NATIONAL RIGEX) was provided by National Starch, 
Singapore. 
6.2.2 Methods 
6.2.2.1 Preparation of stirred acid milk gels 
The acid milk gels were prepared in 500 mL size batch as described in Chapter 4. SMP was 
reconstituted in distilled water (13.5% [w/w]) under continuous stirring for 30 min to obtain a milk 
protein concentration of 4.5% (w/w). Selected hydrocolloids were added from stock solutions at 
various concentrations. Gelatin was studied at concentration 0.4 and 1% (w/w). Four concentrations 
of guar and LBG (0.01, 0.05, 0.1 and 0.5%), and three concentrations of xanthan (0.001, 0.005 and 
0.01%), carrageenan (0.01, 0.05 and 0.1%) and starch (0.2, 1 and 2%) were studied. A sample with 
no stabilizer was studied as control (NG). 
Mixture of milk powder and gelatin were reconstituted and stored at 4 ˚C overnight before use and 
the polysaccharides were added the next day before heating. The samples were heated in a water 
bath at 95 ˚C for 10 min with continuous stirring at 300 rpm. Distilled water was added at the end of 
stirring in order to account for water evaporation. The samples were cooled to 45 ˚C immediately 
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using cold water. For gel formation, 1.5% (w/w) GDL was added to the mixtures to decrease the pH 
to ~ 4.6 in 4 h at 45 ˚C. For rheological measurement, the samples were poured on to the plate of 
rheometer immediately after the addition of GDL. For other measurements, the samples were stirred 
using an overhead stirrer at 1200 rpm for 2 min and then distributed into cylindrical containers with 
diameter 11 cm and height 5 cm for texture analysis, and 15 ml centrifuge tubes for measurement of 
water holding capacity. Samples were incubated at 10 ˚C for 48 h before texture, water holding 
capacity and microstructure testing.  
6.2.2.2 Dynamic oscillatory rheological measurement  
The dynamic oscillatory rheological measurements were carried out on the samples according to the 
method in Chapter 4. 
6.2.2.3 Texture analysis  
Texture profile analysis (TPA) was performed using a TA–XT2 Texture Analyzer (Godalming, 
UK). The probe used was cylindrical with a flat base of 35 mm diameter. Two cycles were applied, 
at a constant speed of 1 mm/s, to a sample depth of 10 mm. From the resulting force–time curve, the 
values for texture attributes were obtained using the Exponent (version 5.0.8.0) equipment software. 
The following parameters, as defined by Bourne (2002), were quantified: firmness (N), 
adhesiveness (Nm), cohesiveness (ratio) and springiness (mm). Measurements were carried out in 
three replicates. 
6.2.2.4 Water holding capacity 
The measurement was performed using the method as in Chapter 4 with some modifications. After 
48 h storage at 10 ˚C, samples were centrifuged at 200 g for 10 min at 10 ˚C. The water holding 
capacity (WHC) was defined as:  
WHC (%) = 100 (MG weight – SE weight) / MG weight. Where, MG= milk gel and SE= serum 
expelled. 
Measurements were carried out in three replicates. 
6.2.2.5 Microstructure 
The microstructure of the stirred acid milk gels was obtained according to the method described in 
Chapter 3. 
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6.2.2.6 Statistical analysis 
All analyses were carried on two independent replicates. Minitab ver. 16 software (Minitab Inc., 
USA) was used for analysis of variance. ANOVA General Linear Model was used with test of 
significance (p < 0.05).  
6.3 Results and discussion 
6.3.1 Gelatin as a stabilizer in stirred milk gel 
The dynamic oscillatory rheological properties of milk gels with different levels of gelatin were 
reported in Chapter 4. The microstructure, texture and water holding capacity of stirred milk gels 
containing 0.4 or 1% gelatin are shown in this chapter. The micrographs of gel with no stabilizers 
(NG) showed a porous branched structure (Figure 6-1A), which was similar to the structure of set 
milk gel reported in Chapter 5. Similar microstructure of stirred and set yogurt was reported by 
Kalab, Emmons, and Sargant (1975). Compared to NG, addition of 0.4% gelatin resulted in a more 
compact network with smaller pores (Figure 6-1B) and no gelatin strands were observed. Addition 
of 1% gelatin induced extensive formation of gelatin strands while the primary size of the casein 
particles remained unmodified (Figure 6-1C). 
The results of texture analysis and water holding capacity (WHC) of stirred milk gels with gelatin 
are shown in Table 6-1. Springiness of milk gels was not significantly affected by any stabilizer 
studied; hence the results were not included. Kumar and Mishra (2004) have also reported that the 
springiness of mango soy fortified milk gel was not influenced by addition of stabilizers. Gelatin 
containing gel (GG) with 1% gelatin had about 6 times higher firmness than NG and showed 100% 
WHC. Milk gels with 0.4% gelatin did not show significant differences in firmness, adhesiveness 
and cohesiveness from the control, but significantly higher WHC was observed. Similar results 
have been reported in Chapter 4 with set milk gels. The ability of gelatin to increase WHC without 
increasing gel firmness at low concentration deserves more attention. Syneresis (which is strongly 
related to WHC) is one of the major problems in yogurt; however, the approaches that are taken to 
improve WHC must maintain the moderate gel firmness that is characteristic of yogurt gels (Damin 
et al., 2009). This might be a major reason why gelatin is the preferred stabilizer in yogurt, besides 
its ―melt-in-mouth‖ property (Karim & Bhat, 2008).  
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Figure 6-1. SEM micrographs of stirred acid milk gel with no stabilizer (NG) (A), with 0.4% gelatin (GG-0.4) (B) and 1% 
gelatin GG-1 (C) 
Table 6-1. Water holding capacity and textural characteristics of stirred acid milk gels with gelatin 
Treatments code Firmness (N) Cohesiveness(ratio) Adhesiveness(Nm) WHC (%) 
NG 0.40±0.01
b
 0.62±0.01
a
 0.15±0.03
b
 87.6±3.9
b
 
GG-0.4 0.37±0.02
b
 0.64±0.01
a
 0.21±0.04
b
 99.7±0.36
a
 
GG-1 2.4±0.14
a
 0.6±0.05
a
 0.45±0.14
a
 100±0
a
 
Means (n=3) within a column with different letters are significantly different (p < 0.05). 
Gelatin gelation was observed in milk gels, according to the rheological results of chapter 4. The 
basic mechanism of gelation of gelatin is a coil-to-helix transition during which the helices that are 
created are similar to the collagen structure (Djabourov, Lechaire, & Gaill, 1993); this transition 
occurs at temperatures below 30 
o
C, even at low gelatin concentrations (Djabourov, 1988). It was 
reported that at low gelatin concentration, the formation of crosslinks is very likely to occur 
between two segments of the same molecule or molecules already joined (Ferry & Eldridge, 1949). 
During this transition, some water molecules are incorporated into the triple helices, called 
‗structural water‘ (Maquet et al., 1986), inducing immobilization and orientation of the water 
molecules in the triple helix (Badii & Howell, 2006). This could be the reason why even low 
concentrations of gelatin increased the WHC efficiently. On the other hand, the intramolecular 
crosslinks do not contribute to the rigidity of a gel, which is more related to the concentration of 
intermolecular cross-links (Ferry & Eldridge, 1949). Therefore, at low concentration (0.4%), gelatin 
did not increase the firmness of milk gels. In addition, the interaction between stabilizers and milk 
components should be considered to obtain the desired properties. No strong interactions between 
gelatin and milk proteins occur during the acidification (Chapter 3), which could also be meaningful 
to maintain the typical milk gel structure.  
These results suggest that techniques such as rheology, microstructure, texture and WHC can be 
effectively used to study the role of a stabilizer in a milk gel.  
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6.3.2 Polysaccharides as stabilizers in milk gels 
6.3.2.1 Rheology 
The rheological results of the milk gels with different polysaccharides are shown in Figures 6-(2-6). 
The G′ values of all the samples were very stable during the annealing stage, that is, did not appear 
to change; therefore the results of this stage for all the samples are not shown. The G′ at the end of 
each of the four stages for all the samples was presented in Table 6-2. 
Table 6-2. The G′ at the end of each of the four stages for the rheological measurement of the acid milk gels with different 
polysaccharides 
Polysaccharide Concentration (% [w/w]) G′ at the end of 
  Acidification Cooling Annealing Heating 
Guar 
0 519±77
a
 2059±342
a
 2010±398
a
 508±67.9
a
 
0.01 632±6
a
 2798±20.5
a
 2793±55.9
a
 642±38.2
a
 
0.05 17±13.4
c
 80±56.6
c
 76±64.3
c
 16±12.7
c
 
0.1 10±2.8
c
 45±1.4
c
 44±4.9
c
 10±4.9
c
 
0.5 215±21.9
b
 1025±130.8
b
 1014±127
b
 231±37.5
b
 
LBG 
0 519±77
a
 2059±342
bc
 2010±398
ab
 508±67.9
bc
 
0.01 623±26.2
a
 2740±174
ab
 2855±47.4
a
 649±6.4
ab
 
0.05 662±17
a
 3323±4.9
a
 3491±8.5
a
 707±9.9
a
 
0.1 4.5±0.7
c
 10±7.8
d
 10±7
c
 2±0.7
d
 
0.5 307±41
b
 1488±139.3
c
 1487±81.3
b
 330±48.1
c
 
Starch 
0 519±77
a
 2059±342
a
 2010±398
a
 508±67.9
a
 
0.2 146±2.8
b
 604±25.5
b
 600±3.5
b
 150±4.9
bc
 
1 79±12.7
b
 527±79.2
b
 494±75
b
 80±9.9
c
 
2 287±84.9
b
 972±375
b
 968±366
ab
 310±88.4
ab
 
Xanthan 
0 519±77
a
 2059±342
a
 2010±398
a
 508±67.9
a
 
0.001 568±21.9
a
 2432±67.9
a
 2389±24
a
 576±0.7
a
 
0.05 602±83.4
a
 2665±407
a
 2713±445
a
 638±78.5
a
 
0.01 17±17
b
 77±84.9
b
 76.5±79.9
b
 15±15.6
b
 
Carrageenan 
0 519±77
a
 2059±342
a
 2010±398
a
 508±67.9
a
 
0.02 499±6.3
ab
 2051±58
a
 1994±14.1
a
 480±24
ab
 
0.05 358±16
b
 1430±118
a
 1424±164
a
 372±11
b
 
0.1 28±4.9
c
 165±11
b
 163±20.5
b
 27±12
c
 
0.2 4±1.4
c
 16±4
b
 14±6.3
b
 2.5±0.7
c
 
Means (n=2) of each polysaccharide type were compared within a column. Different letters mean significant difference (p < 
0.05).  
i. Guar and LBG 
Figure 6-2 shows the rheological results of samples with guar during the four stages. During the 
acidification stage, 0.01% guar had little effect on the milk gelation; the G′ was very close to that of 
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NG (Table 6-2). At 0.05%, guar inhibited the gelation considerably, resulting in a final G′ of only 
~16 Pa at the end of acidification (Table 6-2), while addition of 0.1% guar inhibited the gelation 
completely and the G′ was very close to zero. The sample containing 0.5% guar showed obvious 
gelation during the acidification stage, although it had a much lower G′ than NG.  
Very different G′ profiles were produced with different guar concentrations during the first 60 min 
of acidification, seen from Figure 6-2A1. The gelation time was considered as the time of an 
obvious increase in the G′ from the baseline (Chapter 4) and the rate of gelation was indicated by 
the slope of the profile curves (Matia-Merino, Lau, & Dickinson, 2004). Similar profiles were 
observed for samples without and with 0.01% guar. A quick increase in G′ was seen after 10 min, 
which indicated casein micelle fusion, and casein dissociation and rearrangement, as discussed in 
Section 4.3.1.2. For 0.05% guar, earlier gelation was observed and the G′ reached ~55 Pa within 25 
min, which might indicate the formation of loosely entangled, non-spherical casein aggregates as 
reported by McMahon et al.(2009). The reduction of gelation time corresponded to the higher 
gelation pH (Girard & Schaffer-Lequart, 2007). The gelation pH can be increased by addition of 
non-adsorbing polysaccharides which increase the effective attraction between protein molecules 
through depletion flocculation mechanism and phase separation. Phase separation by addition of 
non-adsorbing polysaccharides forces the casein micelles closer causing aggregation at higher pH 
(Girard & Schaffer-Lequart, 2007; Perrechil, Braga, & Cunha, 2009). However, no further increase 
of G′ was seen; instead, G′ declined immediately after that peak. As discussed in Chapter 4, a 
plateau period occurred when all colloidal calcium phosphate (CCP) was solubilized and micellar 
casein was dissociated to the maximum degree. CCP solubilization causes looseness in the micelle 
and the casein micelles pass through a transition state involving reincorporation of some casein into 
the micelle structure and protein conformation rearrangement for further gelation (Gastaldi, 
Lagaude, & DelAFuente, 1996). It is very likely that the G′ peak that occurred in the gel with 0.05% 
guar was related to this transition state and that 0.05% guar prevented the rearrangement of the 
proteins, probably due to the steric hindrance and the increased viscosity. For 0.1% guar, no 
obvious G′ increase was observed, indicating the inhibition effect from the very beginning of 
gelation. For 0.5% guar, the G′ was seen to increase from the beginning of acidification stage, with 
a much lower increase rate than NG. It is suspected that the increase of G′ was not due to the milk 
protein gelation but due to guar gelation. For acid milk gelation, only micelle demineralization and 
a decrease in micelle solvation occurs at the very beginning of acidification, which could not affect 
the rheological behavior (Gastaldi, Lagaude, & De La Fuente, 1996); this may be the reason why no 
G′ increase was observed in the first 10 min for NG. The increase in G′, compared with 0.1% guar, 
could be due to the high viscosity of the solution caused by high concentration of guar. The viscous 
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solution may inhibit the breakage of inter-aggregate bonds under strain, making the system behave 
more solid-like (Everett & McLeod, 2005). Kontogiorgos et al. (2006) reported that both the 
microstructural and mechanical properties of mixed gels of sodium caseinate gels and β-glucan 
were dominated by the protein component at low concentrations of β-glucan, while governed by β-
glucan at high concentrations.  
During the later stages of cooling, annealing and heating, similar trends to that of NG were 
observed in all samples and G′ of the sample with 0.1% guar still remained close to zero. Similar 
results of effect of guar and LBG on yogurt were reported by Everett and McLeod (2005). 
Figure 6-3 shows the rheological results of samples with LBG during the four stages. Similar effect 
of LBG on milk gelation was observed except that with concentration 0.05%. During the first 60 
min of acidification earlier gelation occurred with addition of 0.05% and the G′ of the sample with 
0.05% LBG did not decrease throughout acidification stage and remained similar with that of NG 
(Figure 6-3A1) (Table 6-2). This difference is likely due to their different degree of branching, 
being ~50% for the guar and ~25% for LBG (Doublier & Launay, 1981; Everett & McLeod, 2005). 
For both guar and LBG, no electrostatic interactions between the polysaccharides and milk proteins 
take place. As the concentration of gums increases, the milk protein particles become more compact 
due to depletion flocculation and phase separation (Corredig, Sharafbafi, & Kristo, 2011). It is 
generally accepted that the phase separation can be described by a phase diagram and it only occurs 
with biopolymers concentrations above the binodal curve. The binodal curve indicates the upper 
limit below which the components in the system can exist stably as one homogenous liquid phase 
(Corredig, Sharafbafi, & Kristo, 2011; Lau, Guiver, & Matsuura, 1991). The results here, that at 
low concentrations of guar and LBG there was no obvious effect on rheology properties,, could be 
explained well by this bimodal curve. With 0.1% LBG or 0.05 and 0.1% guar, phase separation 
occurred due to the thermodynamic incompatibility between proteins and polysaccharides (Perrechil, 
Braga, & Cunha, 2009), which greatly prevented gelation of the milk proteins. With further increase 
in the concentration of the polysaccharide, the reduced molecular mobility of casein micelles could 
prevent phase separation, even though the biopolymer concentrations are above the binodal curve 
(Perrechil, Braga, & Cunha, 2009). This might be the case with 0.5% LBG or guar, which showed 
higher G′ than lower concentrations of the gums. β-Glucan was also reported to decrease G′ of acid 
milk gels with increasing addition levels of 0.5 and 1% (w/w), and then slightly increase with 
further increase of the β-glucan level (Lazaridou, Vaikousi, & Biliaderis, 2008). It was also reported 
that the lower G′ of stirred yogurt induced by addition of these hydrocolloids was due to depletion 
flocculation (Everett & McLeod, 2005). de Jong, Klok, and van de Velde (2009) reported that a 
cold-set WPI gel with polysaccharides (low and intermediate charge density) showed phase 
 97 
 
separation into a protein-rich phase and a serum phase, driven by the incompatibility of the two 
components. 
Figure 6-2. Changes in G′ of samples without (—), with 0.01 (…), 0.05 (— —), 0.1 (－·－) and 0.5% (— —) guar gum. A, the 
acidification stage at 45 ˚C; A1: the first 60 min during acidification stage; B. the cooling stage from 45 to 10 ˚C; C. the 
heating stage from 10 to 45 ˚C.  
A 
C B 
A1 
 98 
 
Figure 6-3. Changes in G′ of samples without (—), with 0.01 (…), 0.05 (— —), 0.1 (－·－) and 0.5% (— —) LBG. A, the 
acidification stage at 45 ˚C; A1: the first 60 min during acidification stage; B. the cooling stage from 45 to 10 ˚C; C. the 
heating stage from 10 to 45 ˚C. 
ii. Xanthan  
Figure 6-4 shows the rheological results of samples with xanthan during the four stages. During the 
acidification stage, the sample with 0.001 and 0.005% xanthan exhibited a G′ very close to that of 
NG. Addition of 0.01% xanthan interfered with the gelation severely and the G′ was very close to 
zero at the end of acidification (Table 6-2). A closer look at the gelation profiles of the samples 
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during the first 60 min (Figure 6-4A1) showed that the gelation started at the same time for samples 
without or with low xanthan (at 0.001 and 0.005%) and for the sample with 0.01% xanthan, G′ 
showed a rapid increase in the first 30 min; earlier gelation than of NG was seen. The G′ reached 
~110 Pa at the peak and then it started declining, similar to the case of 0.05% guar but with much 
higher peak G′. The results should be due to the attractive interactions between positively charged 
patches on κ-casein and negatively charged xanthan and thereby leading to flocculation at high 
xanthan concentration (Braga & Cunha, 2004).  
Figure 6-4. Changes in G′ of samples without (—), with 0.001 (…), 0.005 (— —) and 0.01% (－·－) xanthan. A, the 
acidification stage at 45 ˚C; A1: the first 60 min during acidification stage; B. the cooling stage from 45 to 10 ˚C; C. the 
heating stage from 10 to 45 ˚C  
A 
C B 
A1 
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In the cooling stage, an increase in G′ was observed for all the samples except those with 0.01% 
xanthan. For the sample containing 0.005% xanthan, an inflection was observed at ~ 24 °C, which 
might be related to conformational change in the xanthan molecules. It was reported that 0.1% 
xanthan exhibited a helix–coil transition at ~50 °C and the transition temperature is concentration 
dependent (Braga & Cunha, 2004). In our study, samples with much lower concentration (0.005%) 
may have undergone a different conformational change from that at high xanthan concentration. As 
reported by Rochefort and Middleman (1987), the rheology of a semi-dilute solution of xanthan is 
mainly controlled by intermolecular associations, but by intramolecular conformation changes for a 
dilute solution. Further investigation needs to be done to understand this change. Much higher G′ 
than that of NG was observed at the end of this stage with concentration 0.005% xanthan. The G′ of 
all samples with xanthan remained stable during the annealing stage. During the heating stage, an 
inflection was observed at ~ 19 °C in the sample containing 0.005% xanthan, which could be 
associated with the inflection during cooling. 
Adsorbing polymers were reported to lead a system through the phase change of no influence-
bridging-polymeric stabilization-depletion destabilization with increasing concentration (Syrbe, 
Bauer, & Klostermeyer, 1998).  Therefore, it was expected that the extremely low concentration of 
0.001% xanthan would not show much influence on the G′ of the milk gel; 0.005% xanthan induced 
an increase in G′ which could be related to bridging flocculation while 0.01% xanthan resulted in 
depletion destabilization of the system, preventing gelation.  
iii. Starch 
Figure 6-5 shows the rheological results of samples with starch during the four stages. After the first 
25 min, the G′ increase slowed for NG and G′ decreased for the starch-containing gels for the next 
hour (Figure 6-5A1). This could correspond to the reincorporation of casein into the micelle 
structure (Gastaldi, Lagaude, & De La Fuente, 1996). Starch seemed to enhance the reincorporation. 
Addition of starch at any concentration showed a much lower final G′ than that of NG during the 
acidification stage, with a G′ of only ~79 Pa at 1% concentration (Table 6-2). Different results were 
reported by Oh et al. (2007), who found that starch increased the G′ of acid milk gels with 
increasing concentration. The difference could be due to the different types of starch and the lower 
heating temperature during heat treatment in their study, which induced lower degrees of pasting. It 
was reported that at low temperatures, the swollen starch granules adsorb water and increase the 
local milk protein density, thereby increasing the gel strength; at high temperatures, when most of 
the starch granules are pasted and are dissociated into individual starch molecules, can lead to phase 
separation and thereby inducing lower gel strength (Zuo et al., 2008).  
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Figure 6-5. Changes in G′ of samples without (—), with 0.2 (…), 1 (— —) and 2% (－·－) starch. A, the acidification stage at 
45 ˚C; A1: the first 60 min during acidification stage; B. the cooling stage from 45 to 10 ˚C; C. the heating stage from 10 to 45 
˚C  
Moreover, in the first 25 min, all the samples with starch showed a profile similar to NG (Figure 6-
5A1), which may indicate formation of a typical casein network in the final gels. More specifically, 
the sample with 0.2% starch did not change the gelation time very much but a lower G′ was 
observed; both 1 and 2% starch induced earlier gelation with the sample containing 2% starch 
showing a higher G′ than NG in this short period.  Similar results have been reported by (Oh et al., 
2007). They found 1.5% starch reduced the gelation time of acid milk gels while lower starch 
A 
C B 
A1 
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concentrations did not show a significant effect. With further pH decrease, all the samples with 
starch exhibited a decrease in G′ after the G′ peak at ~ 28, 34 and 34 min for 0.2, 1 and 2% starch, 
respectively. It seemed that starch partly prevented the rearrangement of the casein molecules after 
the initial formation of the casein network. 
During the cooling and heating stages, inflections were observed at ~28 °C and ~22 °C, respectively, 
for the sample with 2% starch, which is related to the gelling and melting temperature of starch. It 
was reported that upon cooling, the starch tends to form a gel or paste-like mass (Lund, 1984). 
Hansen, Hoseney, and Faubion (1991) reported that 5% starch gelled at 28 °C when heated at 86 °C; 
the gelling temperature was related to the starch concentration and the heat treatment before cooling. 
The gelation was partly reversible upon heating, which was linked to the reversible crystallization 
of amylopectin.  The critical concentration for starch gelation was reported to be ~1%, which could 
be different for starches of different molecular sizes (Morris, 1990). This could explain our results 
that low concentrations of starch, 0.2 and 1%, did not show any inflection during cooling, but 2% 
did. 
All the samples with starch showed lower G′ than NG during the annealing stage. Different results 
have been reported previously; they showed that the G′ of the final acid milk gels increased as the 
potato starch addition level increased (Oh et al., 2007). They attributed this to the uptake of water 
by starch, which effectively resulted in an increase in the protein concentration. In our study, 
however, it seemed that the effect of inhibition of milk protein gelation outweighed the effect of 
increasing protein concentration. The different results could be due to the different starch types used. 
iv. Carrageenan 
The rheology results of samples with carrageenan are shown in Figure 6-6. During the acidification 
stage, addition of 0.02% carrageenan did not change the rheology profiles much (Table 6-2), except 
that the gelation occurred significantly earlier than in the control sample (Figure 6-6A1). Addition 
of 0.05% carrageenan interfered with the gelation of milk proteins, resulting in lower G′ than that of 
control sample; however, earlier gelation than that in control sample was also observed (see inset in 
Figure 6-6A). The earlier gelation could be induced by the strong interaction between carrageenan 
and milk proteins, which leads to the extensive exposure of protein hydrophobic groups and 
formation of large aggregates (Mleko, et al., 1997).  
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Figure 6-6. Changes in G′ of samples without (—), with 0.02 (…), 0.05 (— —), 0.1% (－·－) and 0.2% carrageenan (— —). A. 
the acidification stage at 45 ˚C; A1: the first 60 min during acidification stage; B. the cooling stage from 45 to 10 ˚C; C. the 
heating stage from 10 to 45 ˚C.  
Higher concentrations of carrageenan prevented gelation of the milk. This is attributable to 
interference with milk protein interactions and fusion of casein micelles by the added polymers; 
however, the sample with 0.1% carrageenan showed weak gelation with a final G′ of 33 Pa and G′′ 
of 8 Pa at the end of this stage. Carrageenans are highly sulphated polysaccharides. Hence, 
interaction between κ/ι-carrageenan and milk proteins could occur over the entire pH range, 
	
A 
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especially the interaction between κ-carrageenan and κ-casein (Drohan, et al., 1997; Mleko, et al., 
1997), which affects the milk protein–protein interactions. It has also been proven by 
microstructural study that κ-carrageenan can adsorb to the surface of the casein micelles (Spagnuolo, 
Dalgleish, Goff, & Morris, 2005). These interactions between κ-carrageenan and milk proteins 
might be responsible for the decrease in G′ in samples with carrageenan. 
During the cooling stage (Figure 6-6B), an inflection between 27 and 23 °C was observed for the 
sample containing 0.05% carrageenan, which indicated structural changes between these 
temperatures. κ-Carrageenan was reported to gel in skim milk during cooling from 60 to 5 °C and 
the gelling temperature was concentration-dependent (Tziboula & Horne, 1999). During the heating 
stage (Figure 6-6C), the 0.05% carrageenan sample showed inflection at 21 ~ 28 °C.  
Therefore, comparing the effect of gelatin and the effects of these five polysaccharides on acid milk 
gels, some similarities and differences were observed. Gelatin decreased the G′ of the milk protein 
gels with increasing gelatin concentration during acidification. However, there was no change in the 
gelation time with any change in gelatin concentrations, which was different from the effects of the 
polysaccharides we studied. Moreover, gelling and melting were observed during the cooling and 
heating stages for gelatin at sufficient concentration; this was also observed with samples 
containing xanthan and starch. 
6.3.2.2 Microstructure 
Figure 6-7 shows the microstructure of stirred milk gels containing different gums at various 
concentrations after 48 h storage at 10 °C. It should be mentioned that for some samples, i.e. 0.05 
and 0.1% guar, 0.1% LBG and 0.01% xanthan, although no gelation was observed from rheology, 
especially for samples with 0.1% guar or LBG, some network was still observed in the 
microstructure. The lack of correlation between rheology and microstructure could be due to the 
sampling and the nature of the techniques. For these samples, varying amounts of serum were 
observed on top of the samples and the bottom phase of the samples after 48 h storage looked like a 
‗gel‘, which could be called ‗sediment‘ instead. Large aggregates could have formed in the bottom 
phase, because of phase separation induced by addition of high concentration of polysaccharides. 
The samples for SEM were taken from the bottom phase and the structure of the large aggregates 
could be observed. However, for rheology measurement, the gelation took place in the rheometer, 
the samples were the mixtures of both aggregates and the serum, instead of homogeneous gel, 
therefore no gelation could be detected by rheometer. Samples with 0.5% guar and LBG did not 
show any characteristics of milk gels after storage for 48 h at 10 °C. Instead, the samples became 
very viscous even before acidification. Therefore, this high concentration was considered 
inappropriate for yogurt and no further study was carried out. 
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Addition of 0.01% guar did not change the microstructure of the gel much (Figure 6-7A). The 
apparent diameter of the casein particles and pores were comparable to NG, which is in agreement 
with the rheological results showing that G′ was very close to that of NG during the four stages. 
Addition of 0.05 and 0.1% guar resulted in a radically different structure. The gel network could not 
be seen at the magnification used for other samples (x13000), only a few large cluster or pore could 
be observed (Figure 6-7P, Q). Hence, the samples were viewed under lower magnification (x1000) 
(Figure 6-7B). It could be clearly seen that in the sample containing 0.05% guar the apparent 
diameter of pores was greater than 10 µm and much thicker chains of the casein network were 
formed. Milk gels with 0.1% guar showed an even more compact structure (Figure 6-7C), with the 
apparent diameter of the casein strands being > 10 µm.  Similar results were obtained for milk gels 
with LBG at 0.01 and 0.1% concentrations (Figure 6-7D-F). Addition of 0.05% LBG did not 
dramatically change the structure of the milk gel and the size of the primary particles was the same 
as in NG, although large pores with diameter ~5 µm were observed. This is consistent with the 
rheology results which showed that addition of 0.05% LBG increased the G′ due to the higher 
density of protein aggregates. With high concentrations of guar or LBG, the casein networks were 
radically modified with clusters many times larger than seen in NG and much larger pores. The 
large clusters were comprised of the original casein particles without further fusion. Sanchez et al. 
(2000) reported similar microstructure results for acid milk gels with different levels of LBG and 
similar results were observed for acid whey protein gels with guar (Cavallieri & Cunha, 2009). 
Such drastic effect of addition of higher concentrations of guar or LBG may be responsible for their 
negative effect on rheological properties of the samples as seen in section 6.3.3.1. 
Figures 6-7G-I show micrographs of stirred milk gels with different concentrations of xanthan. It 
can be seen that 0.001% xanthan induced a more dense structure with fewer and smaller pores. A 
looser structure with larger pores was observed with 0.005% xanthan. With 0.01% xanthan, the 
milk gel showed a highly compact structure with very large pores; however, compared to high 
concentrations of guar and LBG, the casein network could still be seen at relatively high 
magnification. This over aggregation of casein particles might have resulted in phase separation 
which negatively affected the rheological properties of this sample. This might be related to the 
rheology results that at the beginning of the acidification stage an increase of G′ occurred. Therefore, 
for all three concentrations, the typical casein network could be seen, with unchanged primary 
particle size. Sanchez et al. (2000) reported that although a highly open network was formed with a 
high concentration of xanthan (0.1%), the network was more organized than with high 
concentration of LBG. They attributed this to the charge difference between xanthan and LBG. 
Non-specific interactions between the polyanionic xanthan and casein could drive the gelation 
 106 
 
process, while for LBG/guar, only steric effects could be introduced into the gelation process of 
milk proteins (Sanchez et al., 2000).  
Figures 6-7J-L show micrographs of stirred milk gels with different concentrations of carrageenan. 
It can be seen that 0.02% carrageenan induced microstructure similar to that of control sample. 
With addition of 0.05% carrageenan, smaller casein particles and larger and denser clusters with 
large voids were formed (Figure 6-7K). The micrograph of the sample containing 0.1% carrageenan 
was similar to that of control sample, with a well-organized casein network. In yogurt containing a 
higher concentration (0.4%) of carrageenan than used in our study, Kalab, Emmons, and Sargant 
(1975) observed carrageenan strands.  
Addition of starch at concentrations from 0.2 to 2% did not affect the typical casein network (Figure 
6-7M-O). Comparable microstructure was observed for samples with or without starch. Similar 
results were reported by Tamime, Barrantes, and Sword (1996), who found that very subtle 
differences could be observed by both SEM and transmission electron microscopy between samples 
with and without starch-based fat substitute; detection of the fat substitute was very difficult even at 
high concentration.  
It seemed that the two non-ionic polysaccharides (guar and LBG) tended to induce highly compact 
casein clusters and phase separation with increasing concentration with a loss of the typical casein 
network, while xanthan and starch had less effect on the milk gel structure, which was closer to the 
effect of gelatin on milk gels.  
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Figure 6-7 continued on the next page 
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Figure 6-7. SEM micrographs of acid stirred milk gels with 0.01-0.1% guar gum (A-C), 0.01-0.1% LBG (D-F), 0.001-0.01% 
xanthan gum (G-I), 0.02-0.1% carrageenan (J-L), 0.2-1% starch (M-O). Images P, Q, R are micrographs of samples with 0.05 
and 0.1% guar gum and 0.1% LBG, taken at a higher magnification than their counterparts in images B, C and F. Scale bars 
in the images are 1 µm, except in images B, C and F in which scale bars are 10 µm. 
6.3.2.3 Texture and water holding capacity (WHC) 
Figure 6-8 shows the texture and WHC results of stirred milk gels with different treatments. 
Compared to NG, addition of 0.01% guar did not change the texture properties (firmness, 
cohesiveness and adhesiveness) or WHC of milk gels, 0.05% guar, led to higher gel firmness and 
adhesiveness while addition of 0.1% guar resulted in lower gel firmness and adhesiveness. 
Surprisingly, highest gel cohesiveness was observed with the sample containing 0.1% guar. High 
concentrations of guar (0.05 and 0.1%) also induced low WHC, especially with 0.1% guar when 
only 57% WHC was obtained; this could be attributed to depletion flocculation. β-Glucan was 
reported to increase the syneresis (i.e. reduce WHC) of acid milk gels at low concentrations 
(Lazaridou, Vaikousi, & Biliaderis, 2008). A similar effect on texture properties and WHC to that 
of guar was found with LBG, except that addition of 0.05% LBG did not have a significant effect 
on gel firmness and WHC.  
Xanthan did not affect any texture parameters of milk gels at any concentration. WHC was 
decreased by addition of 0.005 and 0.01% xanthan, while no effect was observed at 0.001%. 
Different effects on WHC of xanthan containing samples have been reported. One study showed 
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that xanthan did not affect the WHC of yogurt at concentrations between 0.05 and 0.5% (Everett & 
McLeod, 2005) and another reported that xanthan (0.005%) increased the gel firmness and 
decreased syneresis of yogurt due to the interaction between the gum and milk proteins (El-Sayed et 
al., 2002). The conflicting results are probably due to the method of gum dissolution, which has 
been reported to be critical to the properties of gums (Doublier & Launay, 1981). In the former 
study, the gums were added in dry powder form while in the latter study the gums were used in 
solution form.  
Addition of 0.02% carrageenan did not induce any significant difference to texture parameters or 
WHC while the sample with 0.05% carrageenan showed higher gel firmness, but lower WHC than 
control sample; lower gel firmness and WHC were observed for the sample containing 0.1% 
carrageenan. Improvement of the WHC of yogurt by carrageenan has been reported at the very low 
concentration of 0.01% (Hematyar et al., 2012); however, the type of carrageenan was not indicated.  
Samples with addition of 0.2% starch did not show any significant difference from NG for both 
texture properties and WHC. Firmness and adhesiveness were significantly increased by addition of 
higher concentrations of starch (1 and 2%). Similar results have been reported with modified 
tapioca starch (Sandoval-Castilla et al., 2004). They attributed this to the increased viscosity of the 
sample by starch molecules binding and orienting water, which consequently dampened the effect 
of applied stress and the starch molecules functioned as ―fillers‖. However, WHC was not increased 
by starch even at 2% concentration, which was probably because the water binding effect was 
counteracted by its interference with milk gelation. 
In summary, with increasing concentration within the range studied, the gel firmness and 
adhesiveness were not changed at low concentrations of the polysaccharides, and were increased at 
higher concentrations (except xanthan, which did not show any influence on these parameters at any 
concentration). With further increase in concentration, gel firmness and adhesiveness were 
decreased for LBG, guar and carrageenan. Cohesiveness was not affected by any of the 
polysaccharides, except guar and LBG at a high concentration (0.1%); gelatin did not affect the 
cohesiveness of milk gels at either concentration (0.1 or 1%). None of the polysaccharides increased 
the WHC of the milk gels; however, even a low concentration of gelatin (0.4%) could enhance the 
WHC of milk gel. 
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Figure 6-8 continued on the next page 
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Figure 6-8. Textural characteristics: Firmness (A), Adhesiveness (B), Cohesiveness (C) and Water holding capacity (D) of 
acid stirred milk gels with all the treatments 
6.4 Conclusions 
Ionic and non-ionic polysaccharides behaved very differently in stirred acid milk gels, due to their 
different stabilizing mechanisms. Xanthan, an ionic polysaccharide, led the system through a series 
of no influence-bridging-depletion destabilization with the three concentrations studied, and both 
associative and segregative interactions occurred between xanthan and milk proteins. Carrageenan 
interacted strongly with milk proteins, resulting in earlier gelation of milk gels even at low 
concentration and smaller casein particles at 0.05% concentration. Guar and LBG, non-ionic 
polysaccharides, induced a change in the system in the way of no influence-depletion flocculation-
polymeric stabilization and only segregative interaction with milk proteins occurred. Starch showed 
good compatibility with milk proteins like gelatin, likely due to the associative interaction with milk 
proteins.  
 112 
 
These different mechanisms resulted in very different milk gel properties, especially in 
microstructure and rheology. Similar effect as gelatin in milk gels was obtained from xanthan and 
starch, which did not prevent milk gelation from the beginning of acidification or cause severe 
aggregation of milk proteins as guar and LBG did, even at high concentration. The typical casein 
network was still obtained. Therefore, it was concluded that to develop a gelatin replacer for use in 
yogurt, polysaccharides that have some degree of associative interactions or compatibility with milk 
proteins are more promising. However, strong interaction between milk proteins and 
polysaccharides should be avoided. Since gelatin is a gelling agent, the polysaccharides with gelling 
properties were considered to be most appropriate. The synergistic interaction between xanthan and 
LBG is well acknowledged and the mixture can form a gel, which would be worth further 
investigation. 
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7 Evaluation of the combinations of milk proteins and gelling 
polysaccharides as potential gelatin replacements in stirred 
acid milk gels  
7.1 Introduction 
A few types of polysaccharides have been studied in milk gels as stabilizers and compared with 
gelatin in Chapter 6. It was found that ionic polysaccharides could be more promising than non-
ionic ones and starch also showed a similar effect on milk gelation as gelatin. Considering the 
mechanism of function of gelatin, ionic polysaccharides that can form thermo-reversible gels could 
behave similarly to gelatin. Xanthan forms transparent thermo-reversible elastic gels when mixed 
with LBG, promoted by intermolecular binding between the galactomannan backbone of LBG and 
xanthan chains (Agoub et al., 2007; Zhan et al., 1993). Both ι- and κ-carrageenan undergo a coil-to-
helix transition during temperature decrease, resulting in thermo-reversible gelation (Tye, 1988). 
This process also needs the presence of cations such as K
+
 and Ca
2+
 that are present in milk (Drohan 
et al., 1997). Starch is a gelling agent that is used commercially in yogurt (Kalab, Emmons, & 
Sargant, 1975). Therefore, these polysaccharides were further investigated in this chapter.  
None of polysaccharides studied in Chapter 6 made a significant improvement to water holding 
capacity, while fortification with milk solids have been reported to improve the properties of yogurt, 
including syneresis and texture (Modler et al., 1983). Skim milk powder (SMP) fortification is 
considered as the standard process of yogurt manufacture and is very commonly used (Karam et al., 
2013). Yogurts fortified with whey protein concentrate (WPC) or sodium caseinate (NaCn) were 
reported to exhibit improved rheological and sensory properties (Damin et al., 2009; Marafon et al., 
2011). Also, in our previous study (chapter 4), pure whey protein gels showed extremely high WHC. 
Therefore, milk fortification with three milk ingredients (SMP, whey protein isolate [WPI] and 
NaCn) was studied. Combining certain types of milk proteins and polysaccharides rather than using 
them alone has been found to be more efficient for replacing fat in yogurt (Teles & Flores, 2007); 
this may also apply to gelatin replacements. Hence, combinations of polysaccharides and milk 
proteins as gelatin replacements were also investigated.  
The aim of this study was to evaluate combinations of gelling polysaccharides and their 
combination with milk proteins as potential replacements for gelatin in stirred acid milk gels and to 
assess the validity of the combination of the techniques of dynamic oscillatory rheology, electron 
microscopy, and texture and WHC analysis for this evaluation. A commercial texturizer claimed as 
a gelatin replacement in yogurt was used as a reference.  
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7.2 Materials and methods  
7.2.1 Materials 
Gelatin B, skim milk powder (SMP), whey protein isolate (WPI) and glucono-delta-lactone (GDL) 
used were the same as in Chapter 4. NaCn (protein 88%, moisture 6%, fat 1.5%, lactose 1% and ash 
3-6%) were obtained from Murray Goulburn Co-Operative Ltd (Melbourne, Australia). Xanthan 
(GRINDSTED 80 ANZ), guar (GRINDTED 250), LBG (GRINDTED 246) and Carrageenan 
(GENULACTA type LRA-50, comprised of κ- and ι-carrageenan at ratio of 1:1) used were the 
same as in Chapter 6. Texturizer YA-100 (a commercial gelatin replacement for yogurt, based on 
amidated low-ester pectin combined with a highly soluble agar) were kindly provided by CP Kelco 
ApS, Denmark.   
7.2.2 Methods 
The same methods as used in Chapter 6 were applied in this study. Different treatments were 
investigated. The milk base was prepared by reconstituting skim milk powder at a concentration of 
13.5% [w/w] to obtain 4.5% (w/w) milk protein level. Milk gels were fortified by adding WPI, 
NaCn or SMP at two levels of total solids (0.5 and 1%) (w/w).  
Table 7-1. Code of the stirred acid milk gels with different treatments and  the levels of addition of the components 
Treatments code 
YA-100 Starch Gelatin carrageenan xanthan LBG WPI NaCn SMP 
(%) (w/w) 
NG - - - - - - - - 13.5 
GG-0.4/1 - - 0.4 1 - - - - - 13.5 
X/L-G - - - - 0.005 0.005 - - 13.5 
WPI-G-(0.5 /1) - - - - - - 0.5 1 - 13.5 
NaCn-G-(0.5 /1) - - - - - - - 0.5 1 13.5 
SMP-G-(0.5/1 ) - - - - - - - - 14 14.5 
WPI-G(S) - - - - - - 0.5 - 12.15 
WPI-S-G - 0.2 - - - - 0.5 - 12.15 
WPI-C-G - - - 0.05 - - 0.5 - 12.15 
WPI-X/L-G - - - - 0.005 0.005 0.5 - 12.15 
YA-100-G 0.2 - - - - - - - 13.5 
NG: control milk gel with no addition of stabilizer or milk protein; GG: gelatin containing gel; GG-0.4/1: Gelatin containing 
milk gel at gelatin concentration 0.4 or 1% (w/w); X: xanthan; L: locust bean gum;  X/L-G: X /L containing milk gel; WPI: 
whey protein isolate; WPI-G-0.5/1: WPI fortified milk gel at concentration 0.5 or 1% (w/w); NaCn: sodium caseinate; NaCn-
G-0.5/1: NaCn fortified milk gel at concentration 0.5 or 1% (w/w); SMP: skim milk powder; SMP-G-0.5/1: SMP fortified 
milk gel at concentration 0.5 or 1% (w/w); WPI-G(S): milk gel with 0.5% WPI (w/w) substituting same amount of protien 
from SMP; WPI-S-G: milk gel with combination of WPI and starch; WPI-C-G: milk gel with combination of WPI and 
carrageenan; WPI-X/L-G: milk gel with combination of WPI and X/L; YA-100-G: milk gel with Texturizer YA-100. 
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Table 7-1 shows the resulting treatments of stirred acid milk gels with milk protein fortifiers and 
polysaccharides. Note that all gels are denoted by the suffix ―G‖, for example, GG refers to the 
gelatin-containing milk gel (the rheology of GG was studied in chapter 4 and the texture and 
microstructure of the final stirred gels were studied in Chapter 6; the relevant results were included 
in this chapter for comparison).  
7.2.3 Statistical analysis 
All analyses were carried on two independent replicates. Minitab ver. 16 software (Minitab Inc., 
USA) was used for analysis of variance. ANOVA General Linear Model was used for test of 
significance (p < 0.05).  
7.3 Results and discussion 
7.3.1 Evaluation of polysaccharides as gelatin replacers 
7.3.1.1 Rheology 
The concentration of xanthan gum used in this study was based on the results obtained in chapter 6. 
The synergistic effect between xanthan and LBG has been reported to be maximal at a ratio of 1:1 
(Copetti et al., 1997), therefore the composition of the xanthan: LBG (X/L) mixture was chosen to 
be 1:1 (total 0.01% (w/w) addition). The effects of addition of these polysaccharides on the 
rheological properties of the milk gels during different stages are shown in Figure 7-1. The rheology 
results of gelatin containing gels (GG) at concentration of 0.4 and 1% (w/w) from Chapter 4 were 
included in this section for comparison (shown as Figure 7-GG). The G′ at the end of each of the 
four stages for the sample with X/L was presented in Table 7-2. 
Figure 7-1A shows the rheology results of milk gels with polysaccharides during the acidification 
stage. X/L did not affect the G′ significantly during this stage, that is, the curve for X/L-G was very 
similar to that of NG, the gel without added polysaccharides, and the final G′ was not significantly 
different from that of NG (Table 7-2). During the cooling stage (Figure 7-1B), the G′ of all samples 
showed an increase due to the reinforcement of milk protein gels (as discussed in chapter 4) and 
possibly structural changes in the polysaccharides. X/L-G showed an inflection between 24 and 
21 °C, which indicated structural changes at these temperatures. The ―coil to helix‖ transition of 
xanthan molecules during cooling and the non-specific interactions between the galactomannan 
backbone of LBG and xanthan chains promoted the gel formation (Agoub et al., 2007; Zhan et al., 
1993). The gelling temperature of X/L was reported to be affected by the ratio of the two agents and 
the molecular weight of LBG (Lundin & Hermansson, 1995). The gelling property of these 
polysaccharides, as expected, could indicate their potential as a gelatin replacement.  
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During the annealing stage, the G′ values of all the samples were quite stable (data not shown). 
During the heating stage (Figure 7-1C), the G′ of all the samples showed a decrease with increasing 
temperature, mainly due to shrinkage of the milk protein particles (Lucey et al., 1997). Similar to 
GG-1, X/L-G showed inflections at 19~26 °C. It is worth mentioning that these temperatures were 
below human body temperature, which could result in ―melt-in-the-mouth‖ phenomenon, like 
gelatin. Xanthan has been previously reported to form ―melt-in-the-mouth‖ gels with konjac, 
another galactomannan (Agoub et al., 2007). 
Table 7-2. The G′ at the end of each of the four stages for the rheological measurement of the acid milk gels with gelatin 
replacers 
Samples Acidification Cooling Annealing Heating 
NG 519±77.8
cde
 2059±342
bc
 2010±398
cd
 508±68
cd
 
WPI-G (S) 840±125
abc
 3289±441
ab
 3428±361
abc
 883±114
ab
 
X/L-G 243±55.9
de
 632±186
d
 593±149
d
 214±87
d
 
YA-100-G 568±61.5
bcd
 2582±318
b
 2617±318
bc
 595±43
bc
 
WPI-S-G 871±67.2
ab
 3419±344
ab
 3568±342
ab
 916±66
ab
 
WPI-C-G 221±50.9
e
 663±27.6
cd
 651±72.8
d
 186±4
d
 
WPI-X/L-G 1116±65.1
a
 4486±411
a
 4626±458
a
 1156±97
a
 
Means (n=2) within a column with different letters are significantly different (p < 0.05). NG: control milk gel with no addition 
of stabilizer or milk protein; WPI-G(S): milk gel with 0.5% WPI (w/w) substituting same amount of protien from SMP; X: 
xanthan; L: locust bean gum; X/L-G: X /L containing milk gel; WPI-S-G: milk gel with combination of WPI and starch; 
WPI-C-G: milk gel with combination of WPI and carrageenan; WPI-X/L-G: milk gel with combination of WPI and X/L; 
YA-100-G: milk gel with Texturizer YA-100. 
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Figure 7-GG. Changes in G′ of NG (—), GG-0.4 (…) and GG-1 (— —) A, the acidification stage at 45 ˚C; B. the cooling stage 
from 45 to 10 ˚C; C. the heating stage from 10 to 45 ˚C. NG: control milk gel with no addition of stabilizer or milk protein; 
GG: gelatin-containing gel; GG-0.4/1: milk gels containing 0.4 or 1% (w/w) gelatin. The figure was copied from Chapter 4 
with some modification.  
A 
B 
B 
 118 
 
Figure 7-1. Changes in G′ of NG (—) and X/L-G (…). A, the acidification stage at 45 ˚C; B. the cooling stage from 45 to 10 ˚C; 
C. the heating stage from 10 to 45 ˚C. NG: control milk gel with no addition of stabilizer or milk protein; X: xanthan; L: 
locust bean gum; X/L-G: X /L containing milk gel.  
7.3.1.2 Microstructure 
Figure 7-2 shows the microstructure of stirred acid milk gels with different polysaccharides after 
48h storage at 10 °C. Micrograph of NG was included as control. It can be seen that the typical 
casein network was maintained in all samples. These casein structures were consistent with those 
reported previously (Fiszman, Lluch, & Salvador, 1999; Kalab, Emmons, & Sargant, 1975). In X/L-
A 
C 
B 
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G, very thin strands connecting the casein micelle particles were observed (Figure 7-2B). The 
organisation of network of chains and clusters of casein particles did not change. The casein 
particles retained their primary globular shape and their size remained similar to that in NG. At 
comparable X/L ratios (9:11), similar results were reported in acid SMP gels by Sanchez et al. 
(2000). The added polymers appeared as filamentous structures distributed on the surface of casein 
particles (Sanchez et al., 2000). It has also been reported that, like gelatin, X/L increases the 
consistency of yogurt (Keogh & O'Kennedy, 1998), which might be related to the network it forms 
in the yogurt microstructure. The significant similarities of the strand-like structures between GG-1  
and X/L-G suggest that an X/L combination at an appropriate concentration may be a potential 
replacement for gelatin in acid milk protein gels such as yogurt.  
Figure 7-2. SEM micrographs of NG (A), X/L-G (B), GG-0.4 (C) and GG-1 (D). Scale bars in the images are 1 µm. NG: 
control milk gel with no addition of stabilizer or milk protein; GG-0.4: milk gel containing 0.4% (w/w) gelatin; GG-1: milk 
gel containing 1% (w/w) gelatin; X: xanthan; L: locust bean gum; X/L-G: X /L containing milk gel.  
  
   
C 
B A 
D 
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7.3.1.3 Texture and WHC 
Results of texture analysis and WHC of stirred milk gels with addition of polysaccharides are 
shown in Table 7-3. Samples NG and GG were also included for comparison. Addition of X/L 
induced lower gel firmness and higher cohesiveness in acid gels. CG showed higher WHC than NG, 
while X/L did not exhibit a significant improvement in WHC over that of the control gels. Although 
the effect of addition of X/L on rheology, microstructure and texture of acid milk gels was quite 
similar to gelatin, none of these polysaccharides could improve the WHC of milk gel as efficiently 
as gelatin.  
Table 7-3. Water holding capacity and textural characteristics of acid stirred milk gels with gelling polysaccharides 
Treatments code Firmness (N) Cohesiveness (ratio) Adhesiveness (Nm) WHC (%) 
NG 0.40±0.01
b
 0.62±0.01
b
 0.15±0.03
b
 87.6±3.9
b
 
GG-0.4 0.37±0.02
b
 0.64±0.01
b
 0.21±0.04
b
 99.7±0.36
a
 
GG-1 2.4±0.14
a
 0.6±0.05
b
 0.45±0.14
a
 100±0
a
 
X/L-G 0.32±0.02
c
 0.67±0.03
a
 0.15±0.02
b
 89.2±0.7
b
 
Means (n=3) within a column with different letters are significantly different (p < 0.05). NG: control milk gel with no addition 
of stabilizer or milk protein; GG-0.4: milk gel containing 0.4% (w/w) gelatin; GG-1: milk gel containing 1% (w/w) gelatin; X: 
xanthan; L: locust bean gum; X/L-G: X /L containing milk gel. 
7.3.2 Evaluation of milk protein fortification 
7.3.2.1 Rheology 
The G′ of all gels with milk protein fortification displayed trends similar to that of NG during all 
four stages (Figure 7-3). The G′ at the end of each of the four stages for all the samples with milk 
fortification was presented in Table 7-4. 
Table 7-4. The G′ at the end of each of the four stages for the rheological measurement of the acid milk gels with milk 
fortification 
Samples Acidification Cooling Annealing Heating 
NG 519±77.8
c
 2059±342
c
 2010±398
c
 508±67.9
c
 
WPI-G-1 1649±135
a
 6197±479
a
 6394±909
a
 1686±168
a
 
WPI-G-0.5 1041±2.8
b
 4191±54.4
b
 4396±13.4
ab
 1097±10.6
b
 
NaCn-G-1 621±104
c
 2943±486
bc
 2971±496
bc
 676±105.4
c
 
NaCn-G-05 593±94
c
 2869±467
bc
 2927±443
bc
 650±101.8
c
 
SMP-G-1 564±5.7
c
 2487±108.2
c
 2554± 57.3
bc
 608±4.9
c
 
SMP-G-05 516±48.1
c
 2292±183
c
 2277±84.9
c
 541±38.9
c
 
Means (n=2) within a column with different letters are significantly different (p < 0.05). NG: control milk gel with no addition 
of stabilizer or milk protein; WPI: whey protein isolate; WPI-G-0.5/1: WPI fortified milk gel at concentration of 0.5 or 1% 
(w/w); NaCn: sodium caseinate; NaCn-G-0.5/1: NaCn fortified milk gel at concentration of 0.5 or 1% (w/w); SMP: skim milk 
powder; SMP-G-0.5/1: SMP fortified milk gel at concentration of 0.5 or 1% (w/w). 
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Fortification by whey protein isolate powder was generally conducted at levels ranging between 0.6 
and 4% (w/w) (Karam et al., 2013). Concentration 1.5% (w/w) was included in the preliminary 
study, but the final gel was too firm, which was not suitable for our further study with yogurt. 
Therefore only two concentrations (0.5 and 1% [w/w]) were studied. In fact, fortification with WPI 
dramatically increased the G′ of milk gels compared to NG, even at 0.5% addition level. The G′ of 
WPI-G 1% was three times higher than that of NG (Table 7-4). This is due to the interaction 
between caseins and denatured β-lactoglobulin, which greatly increases the density of gel-forming 
proteins in the gel matrix (Keogh & O'Kennedy, 1998). A similar effect of whey protein 
fortification on acid milk gels has been reported (Lucey & Singh, 1997; Marafon et al., 2011).  
Addition of NaCn and SMP had a negligible effect on the G′ of the acid gel at both concentrations 
used (Table 7-4). Damin et al. (2009) also reported that no increase G′ of yogurt product occurred 
with SMP supplementation. The effect of added protein was different from that of addition of 
gelatin which interfered with milk gelation during the acidification stage. However, this result was 
expected as the added milk ingredients are compatible with the SMP base in NG and do not cause 
depletion flocculation or phase separation.  
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Figure 7-3. Changes in G′ of NG (—), WPI-G-0.5 (- -), WPI-G-1 (…), NaCn-G-0.5(— —), NaCn-G-1 (－·－), SMP-G-0.5 (—
·—), SMP-G-1(— —).  A, the acidification stage at 45 ˚C; B. the cooling stage from 45 to 10 ˚C; C. the heating stage from 10 to 
45 ˚C. NG: control milk gel with no addition of stabilizer or milk protein; WPI: whey protein isolate; WPI-G-0.5/1: WPI 
fortified milk gel at concentration of 0.5 or 1% (w/w); NaCn: sodium caseinate; NaCn-G-0.5/1: NaCn fortified milk gel at 
concentration of 0.5 or 1% (w/w); SMP: skim milk powder; SMP-G-0.5/1: SMP fortified milk gel at concentration of 0.5 or 1% 
(w/w). 
7.3.2.2 Microstructure 
The micrographs of milk gels fortified with three types of milk proteins at two concentration levels 
are shown in Figure 7-4. The effect of addition of WPI on the microstructure of acid gel varied with 
concentration. WPI fortification at 0.5% concentration (Figure 7-4A) resulted in a denser gel matrix 
compared to NG while fortification at 1% concentration (Figure 7-4D) led to a more porous and 
filamentous network with smaller casein particle clusters. The casein aggregates were linked by 
C 
A 
B 
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long filamentous chains instead of being fused into large aggregates. These results were in 
agreement with the studies of Saint-Eve et al. (2006) and Akalin et al. (2012) who reported 
arrangements of casein micelles in long chains rather than fused aggregates in WPC fortified 
yogurts.  
Figure 7-4. SEM micrographs of WPI-G-0.5 (A), NaCn-G-0.5 (B), SMP-G-0.5 (C), WPI –G-1 (D), NaCn-G-1(E) and SMP-G-
1(F).  Scale bars in the images are 1 µm. NG: control milk gel with no addition of stabilizer or milk protein; WPI: whey 
protein isolate; WPI-G-0.5/1: WPI fortified milk gel at concentration of 0.5 or 1% (w/w); NaCn: sodium caseinate; NaCn-G-
0.5/1: NaCn fortified milk gel at concentration of 0.5 or 1% (w/w); SMP: skim milk powder; SMP-G-0.5/1: SMP fortified 
milk gel at concentration of 0.5 or 1% (w/w). 
These chain-like structures are probably induced by adhesion of whey proteins to the micelle 
surface and interaction between β-lactoglobulin and κ-casein during heating (Modler & Kalab, 1983; 
Sandoval-Castilla et al., 2004). At higher concentration of WPI, whey protein aggregates formed on 
the surface of casein micelles could affect the openness of the gel microstructure (Aziznia et al., 
2008). NaCn-G did not show much difference in microstructure from NG (Figure 7-4B, E). SMP-G 
(Figure 7-4C, F) seemed to have a denser casein particle network than NG, with the 1% SMP-
fortified sample being much more compact than the 0.5% fortified sample.  
7.3.2.3 Texture and WHC 
Results of texture analysis and WHC of stirred milk gels with milk protein fortification are shown 
in Table 7-5. All three milk protein fortifiers increased the WHC of acid milk gels at the two 
   
    
D 
A 
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concentrations studied. A high concentration of milk solids has been reported to prevent syneresis 
(Lazaridou, Vaikousi, & Biliaderis, 2008). WPI greatly increased the WHC of milk gels, which was 
comparable to gelatin (Table 7-3&5). It is stated that attachment of whey protein molecules to the 
surface of the casein micelles can increase the entrapment of serum in gels (Keogh & O'Kennedy, 
1998). Similar results have been reported by Isleten and Karagul-Yuceer (2006) and Akalin et al. 
(2012), who found that the lowest syneresis was obtained in yogurt fortified with WPI among all 
milk ingredient fortifiers.  
Table 7-5. Water holding capacity and textural characteristics of acid stirred milk gels with milk fortification 
Treatments code Firmness (N) Cohesiveness (ratio) Adhesiveness (Nm) WHC (%) 
NG 0.40±0.01
e
 0.62±0.01
ab
 0.15±0.03
d
 87.6±3.9
d
 
NaCn-G 0.5 0.63±0.03
cd
 0.59±0.01
cd
 0.35±0.03
cd
 96.3±0.46
bc
 
NaCn-G 1 0.74±0.02
c
 0.6±0.02
bcd
 0.46±0.02
c
 95.1±0.83
c
 
WPI-G 0.5 0.88±0.01
b
 0.57±0.01
d
 0.70±0.05
b
 98.4±0.38
ab
 
WPI-G 1 1.24±0.12
a
 0.58±0.02
cd
 0.97±0.24
a
 99.5±0.34
a
 
SMP-G 0.5 0.61±0.03
d
 0.58±0.13
cd
 0.30±0.03
cd
 97.2±0.1
bc
 
SMP-G 1 0.54±0.03
d
 0.61±0.02
bc
 0.26±0.01
cd
 97.1±0.4
bc
 
Means (n=3) within a column with different letters are significantly different (p < 0.05). NG: control milk gel with no addition 
of stabilizer or milk protein; WPI: whey protein isolate; WPI-G-0.5/1: WPI fortified milk gel at concentration of 0.5 or 1% 
(w/w); NaCn: sodium caseinate; NaCn-G-0.5/1: NaCn fortified milk gel at concentration of 0.5 or 1% (w/w); SMP: skim milk 
powder; SMP-G-0.5/1: SMP fortified milk gel at concentration of 0.5 or 1% (w/w). 
Texture properties of the milk gels were also changed by milk protein fortification. Higher gel 
firmness than that of NG was obtained with milk protein fortification; WPI-G being the firmest. 
Similarly, it has been reported that addition of 1.5% NaCn was very effective in reducing syneresis, 
while the gel firmness was approximately two times that of the 0.5% gelatin-containing yogurt 
(Modler et al., 1983), which was different from the effect of gelatin on milk gel at low 
concentration (0.4%) (Table 7-3). Cohesiveness of gels was decreased with protein fortification, 
except for 1% NaCn and SMP at both concentrations. Adhesiveness of milk gels increased with 
addition of WPI at both concentrations and with addition of NaCn at 1%. WPI was also reported to 
increase the firmness and adhesiveness of yogurt made from goat‘s milk (Herrero & Requena, 
2006). It should be mentioned that in some studies, whey protein concentrate supplementation of 
yogurt did not reduce syneresis or increase gel firmness (Damin et al., 2009; Modler et al., 1983). 
The different results could be attributed to the lower heating intensity used in these studies, which 
may be insufficient to completely denature the whey proteins. Preheating is known to be crucial to 
the effect of whey protein fortification on the final milk gel (Lucey, Munro, & Singh, 1999).   
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Thus, rheology and SEM measurements provided an assessment of the gelation properties. The 
microstructure of milk gels fortified with proteins showed no marked difference from NG, except 
with a high concentration of WPI. No dramatic modification of the G′ profiles was observed, but 
higher values were obtained, indicating higher gel strength of gels with milk fortification. Texture 
analysis and WHC measurement provided an assessment of the final product, showing significantly 
increased firmness and WHC, especially with WPI fortification. 
7.3.3 Evaluation of combinations of WPI and polysaccharides  
WPI can improve WHC effectively, even at 0.5% concentration, and the polysaccharides we studied, 
except carrageenan, could induce gel microstructure and rheology characteristics similar to those 
produced by gelatin. Combinations of WPI and each polysaccharide were hence investigated in acid 
milk gels to evaluate their potential as gelatin replacers. Starch and carrageenan showed gelling 
properties (seen from Figure 6-5, 6-6 in Chapter 6), which showed these polysaccharides could be 
promising as gelatin replacements; therefore they were also studied in combination with WPI at 0.2 
and 0.05% concentrations, respectively, which did not induce complete inhibition of milk gelation 
and the characteristics of gels were still dominated by milk protein. Considering that the texture 
parameters such as firmness and adhesiveness were increased dramatically by WPI addition, in the 
following section, 0.5% WPI was chosen to avoid excessive gel firmness which occurs at higher 
levels of addition. Part of the SMP in NG was replaced with 0.5% WPI while maintaining the same 
amount of total protein, instead of fortifying the milk gel with 0.5% WPI (w/w). The results of 
WPI-G (S) were also observed as a reference. No radical change was induced by this substitution. 
7.3.3.1 Rheology 
The combination of polysaccharides and WPI, except that with carrageenan and WPI, resulted in 
higher G′ of milk gels than that of NG (Figure 7-5) (Table 7-2). Combining WPI and carrageenan 
seemed to have a negative effect on the milk gels, as G′ was even lower than when carrageenan was 
used alone. The reinforcing effect of WPI fortification on the milk gel was lost when combined with 
carrageenan. The interaction between the highly sulphated carrageenan and milk proteins could 
have prevented the interaction between caseins and whey proteins (Hemar et al., 2002). 
Interestingly, a similar effect was reported for a combination of NaCn or whey proteins and starch 
(Roberts, Kasapis, & Lopez, 2000; Sandoval-Castilla et al., 2004). This was attributed to the fact 
that the polysaccharides did not integrate into the protein network and inhibited the whey protein–
casein interaction and casein aggregation. In these studies, the starch concentration was much 
higher than that used in our study, which could be the reason why no such effect was observed in 
our study with WPI-S-G. 
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Figure 7-5. Changes in G′ of NG (—), WPI-G (S) (— —), WPI-S-G (…), WPI-C-G (－·－), WPI-X/L-G (- -) and YA100-G 
(－·－) A, the acidification stage at 45 ˚C; B. the cooling stage from 45 to 10 ˚C; C. the heating stage from 10 to 45 ˚C. NG: 
control milk gel with no addition of stabilizer or milk protein; WPI-G(S): milk gel with 0.5% WPI (w/w) substituting same 
amount of protien from SMP; WPI-S-G: milk gel with combination of WPI and starch; WPI-C-G: milk gel with combination 
of WPI and carrageenan; WPI-X/L-G: milk gel with combination of WPI and X/L; YA-100-G: milk gel with Texturizer YA-
100. 
No obvious inflection was observed for any sample during the cooling stage. This is likely to be due 
to either the higher G′ value that masks any small changes caused by structural changes in 
polysaccharides in WPI-X/L-G or interactions between the polysaccharide and WPI. During the 
heating stage, a very small inflection was observed for both WPI-X/L-G and WPI-S-G samples at 
	
A 
C 
B 
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23 and 25 °C, respectively. Starch and WPI might have some synergistic effect, as neither 
component showed any inflection during heating when they were used alone. Further study needs to 
be done to elaborate these results.  
7.3.3.2 Microstructure 
Figure 7-6 shows the micrographs of milk gels with combinations of WPI and polysaccharides. For 
WPI-S-G, the added starch seemed to fill the voids of the milk gel network and the network became 
less open.  It was difficult to distinguish the starch gel structure from the milk gel structure. It has 
been reported that with addition of 1% modified tapioca starch, a relatively open and loose structure 
was observed in yogurt (Sandoval-Castilla et al., 2004). This may be related to the water and space 
competition between milk protein and starch at such a high concentration of starch, but this did not 
occur at the level of starch used in our study (0.2%). 
As expected, WPI-X/L-G showed thin strands connecting the casein aggregates throughout the 
entire structure. The micrograph of the WPI–C-G showed large aggregates distributed throughout 
the entire network with large voids. The microstructure of WPI-X/L-G was similar to that of GG-1% 
(Figure 7-2D).  
Figure 7-6. SEM micrographs of WPI-G (S) (A),WPI-S-G (B), WPI-X/L-G (C), WPI-C-G (D) and YA100-G (E). Scale bars in 
the images are 1 µm. WPI-G(S): milk gel with 0.5% WPI (w/w) substituting same amount of protien from SMP; WPI-S-G: 
milk gel with combination of WPI and starch; WPI-C-G: milk gel with combination of WPI and carrageenan; WPI-X/L-G: 
milk gel with combination of WPI and X/L; YA-100-G: milk gel with Texturizer YA-100. 
   
   
A 
D
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7.3.3.3 Texture and WHC 
As can be seen from Table 7-6, the combinations of WPI and polysaccharides effectively increased 
the WHC of the milk gels, with WPI-S-G being comparable with GG (Table 7-3&6). Higher gel 
firmness and adhesiveness than that of NG were still observed; these could be adjusted by 
manipulating the WPI/SMP ratio (Beaulieu, Turgeon, & Doublier, 2001; Puvanenthiran, Williams, 
& Augustin, 2002). However, WPI-C-G was an exception, showing lower WHC, firmness, 
adhesiveness and cohesiveness than NG.  
Table 7-6. Water holding capacity and textural characteristics of acid stirred milk gels with combinations and texturizer YA-
100. 
Treatments code Firmness (N) Cohesiveness (ratio) Adhesiveness (Nm) WHC (%) 
NG 0.40±0.01
c
 0.62±0.01
ab
 0.15±0.03
d
 87.6±3.9
e
 
WPI-G (S) 0.64±0.04
b
 0.58±0.01
c
 0.50±0.05
b
 97.7±0.25
ab
 
WPI-S-G 0.753±0.03
a
 0.58±0.01
c
 0.64±0.02
a
 97.9±0.13
ab
 
WPI-C-G 0.56±0.05
b
 0.59±0.01
c
 0.29±0.05
c
 91.5±0.71
cd
 
WPI-X/L-G 0.64±0.02
b
 0.59±0.01
c
 0.56±0.05
ab
 95.3±0.64
bc
 
      YA100-G 0.56±0.05
b
 0.60±0.01
a
 0.54±0.03
b
 95.6±0.24
b
 
Means (n=3) within a column with different letters are significantly different (p < 0.05). NG: control milk gel with no addition 
of stabilizer or milk protein; WPI-G(S): milk gel with 0.5% WPI (w/w) substituting same amount of protien from SMP; 
WPI-S-G: milk gel with combination of WPI and starch; WPI-C-G: milk gel with combination of WPI and carrageenan; 
WPI-X/L-G: milk gel with combination of WPI and X/L; YA-100-G: milk gel with Texturizer YA-100. 
Thus, the combination of WPI and polysaccharides could remedy the disadvantages of these 
components when used alone, and lead to products with characteristics closer to those of GG. 
However, the WPI-carrageenan combination did not yield promising results. More satisfying results 
could be further obtained by optimizing the protein: gum ratio to maximize the interaction between 
the hydrocolloids and proteins. It was reported that the concentration of LBG and total milk solids 
changed the apparent viscosity of yogurt due to the induced differences in density and porosity of 
the casein network (Unal, Metin, & Isikli, 2003).  
7.3.4 Texturizer YA-100  
Lastly, to further prove that the combination of the methodologies can be successfully used to 
evaluate potential gelatin replacers, a stabilizer YA-100, which is sold commercially as a gelatin 
replacer, was assessed. YA-100 is based on high-performing amidated low-ester pectin combined 
with a highly soluble agar providing strong texturizing properties to yogurt. The concentration 
applied (0.2% (w/w)) was as suggested by the manufacturer. YA-100-G exhibited similar 
rheological behavior as the control and no apparent inflection was observed during the cooling and 
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heating stages (Figure 7-5), which was similar to the effect of 0.4% gelatin (Figure 7-GG). The 
absence of any apparent gelling point for YA-100 during the cooling stage could be because of the 
low concentration used. It has been reported that the G′ of yogurt was not changed significantly by 
the addition of LM pectin at low concentration (Everett & McLeod, 2005). The electron micrograph 
of YA-100-G showed strands throughout the structure (Figure 7-6E), which could be due to 
gelation of both pectin and agar components. The entire gel structure was compact with small 
interspaced voids, but the typical milk gel network was still maintained. Addition of YA-100 
significantly increased gel firmness and adhesiveness as well as WHC (Table 7-6). Addition of LM 
pectin at < 1 g/L has been shown to improve the WHC of yogurt (Everett & McLeod, 2005).  
Using rheology, SEM, and texture and WHC analysis, it could be seen that YA-100 has similar gel-
stabilising properties as gelatin. These results further indicated the effectiveness of evaluating 
potential gelatin replacers using a combination of these techniques instead of just relying on texture 
and WHC analysis. 
7.4 Conclusions 
The gelation mechanisms of potential gelatin replacers could be followed with dynamic oscillatory 
rheology and observed using SEM, while the resulting product could be evaluated with texture and 
WHC measurements. The gelling polysaccharides (except carrageenan) introduced rheological and 
microstructural characteristics similar to those produced by gelatin, and WPI showed great ability in 
increasing WHC. By combining the polysaccharides (except carrageenan) with WPI, the gel 
properties were improved significantly and moved closer to those of GG. Firstly, the microstructure 
was similar to that of NG, with strands formed throughout the network for WPI-X/L-G. Secondly, 
WHC was increased significantly over that of the gels containing only polysaccharides. 
Optimization of the concentrations of WPI, SMP and polysaccharides could possibly achieve 
desired G′, gel firmness and adhesiveness for WPI-X/L-G and WPI-S-G. By investigating the 
commercial gelatin replacer, YA-100, the combination of the methodologies used in this study was 
proven to be useful for evaluating potential gelatin replacers in stirred acid milk gels.  
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8 Evaluation of WPI-xanthan/locust bean gum mixture as a 
gelatin replacement in yogurt using instrumental and 
sensory analysis 
8.1 Introduction 
Characterization, both physical and sensory, of the final yogurt product incorporating a gelatin 
replacement is crucial to ensure consumer acceptability. As yogurt is a non-Newtonian 
pseudoplastic material, its rheological properties, i.e. viscosity, yield stress, pseudoplasticity and 
viscoelasticity, have been commonly characterized. The textural properties, i.e. gel firmness, 
adhesiveness and water holding capacity (WHC) are also important quality parameters of yogurt 
(Akalin et al., 2012). Sensory evaluation has gained more and more interest in the last decades and 
has been widely used in research on yogurt (Dello Staffolo et al., 2004; Isleten & Karagul-Yuceer, 
2006; Janhoj et al., 2006; Modler et al., 1983; Saint-Eve et al., 2006). 
Some previous studies have evaluated yogurt containing gelatin and compared it with yogurt 
containing possible gelatin replacers. The main conclusions of these studies were: gelatin could 
improve the texture and WHC of yogurt; gelatin could increase the viscosity, yield stress and 
pseudoplastic behavior of yogurt; sensory viscosity, creaminess and mouthfeel of yogurt were 
improved by addition of gelatin; higher sensory scores were obtained for gelatin-containing yogurt 
than for yogurt containing other stabilizers or milk fortifiers (Ares et al., 2007; Fiszman & Salvador, 
1999; Keogh & O'Kennedy, 1998; Kumar & Mishra, 2004; Modler et al., 1983; Supavititpatana et 
al., 2008; Teles & Flores, 2007). Due to the unique properties that gelatin introduces in yogurt it has 
been a challenge to find a perfect substitute for it (Karim & Bhat, 2008). 
The combination of WPI-Xanthan/Locust bean gum (WPI-X/L) was shown to be a promising 
replacer for gelatin (Chapter 7), according to dynamic oscillatory rheology, microstructure, texture 
analysis and WHC evaluation of acid milk gels. In this chapter, the combination will be further 
evaluated in cultured yogurt by both instrumental and sensory measurements. Yogurt made with the 
texturiser YA100 used in Chapter 6 was used as a reference.  
8.2 Materials and methods 
8.2.1 Yogurt manufacture 
Four yogurt samples (yogurt with no stabilizer (NY), yogurts containing 0.4% gelatin (GY), WPI-
Xanthan-LBG [WPI-X/L-Y] or YA100 [YA100-Y]) were prepared in a 1 L batch size. The 
mixtures of SMP and stabilizers were prepared in the same way as in Chapter 6. The mixtures were 
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heated to 95 °C for 10 min in covered steel containers and cooled down to ~ 42 °C immediately. At 
this point, the mixtures were inoculated with 0.2 U/kg culture (YC-380; S. thermophilus and L. 
delbreuckii ssp. bulgaricus, Chr. Hansen, Melbourne, Australia) and incubated at 42 °C until pH 4.6 
was reached. pH was continuously measured during fermentation. Yogurts were then stirred at 1200 
rpm for 2 min and cooled immediately using iced water. Yogurt for the measurement of texture and 
WHC was transferred into a round container and centrifuge tubes as described in Chapter 6. Yogurt 
samples were evaluated by rheology, scanning electron microscopy, texture analysis, WHC 
measurement and sensory evaluation after 48 h storage at 4 °C. Yogurt production was performed 
in duplicate. 
8.2.2 Rheology 
Rheological properties of yogurt samples were determined using the same rheometer and geometry 
as in Chapter 4. The samples were stirred gently 10 times with a spoon and a small amount of 
samples were placed onto the bottom plate of the rheometer. The excess sample at the edge of the 
geometry was carefully wiped away without excessively disturbing the sample. The measurement 
temperature was 4 °C. For each sample, triplicate measurements were taken on each sample and 
data processing was performed using the Rheology Advantage Data Analysis software package 
(Version 5.7.0, TA Instruments Ltd).  
The flow behavior of the yogurt samples was characterized. The shear rate was varied from 0 to 100 
s
-1
 and the shear stress was recorded at increasing shear rates (upward flow curve) followed by 
decreasing shear rates (downward flow curve). The resulting upward flow curve was fitted to the 
Hershel-Bulkley (σ = σ0 + K γ
n
) model (Hassan et al., 1995; Paseephol, Small, & Sherkat, 2008), 
where σ = shear stress, K = consistency index, n = flow behavior index, γ = shear rate, and σ0 = 
yield stress. In addition, other parameters such as the area under the upward flow curve (Aup) and 
the difference in area under the upward flow curve and the downward flow curve (ΔA), as well as 
apparent viscosity (ηapp) at γ = 50 s
-1
 were obtained. 
Frequency sweep was also carried out to assess the viscoelastic properties of the yogurt samples, by 
increasing frequency from 0.01 to 10 Hz.  The applied strain was 0.5% (within the linear 
viscoelastic range). The storage modulus (G′) and loss modulus (G′′) were recorded as function of 
frequency, and loss tangent was calculated. The slopes of the resulting log–log plots for both G′ and 
G′′ were also obtained. 
8.2.3 Texture 
Texture profile analysis was carried out for all yogurt samples according to the method in Chapter 6. 
Triplicate measurements were performed on each sample. 
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8.2.4 Water holding capacity 
Water holding capacity was measured according to the method described in Chapter 6. The 
measurements were carried out in triplicate on each sample. 
8.2.5 Microstructure 
The microstructure was observed using the same method as in Chapter 5. At least three images were 
taken for each sample and a representative one is shown.  
8.2.6 Sensory analysis 
8.2.6.1 Triangle test 
Preliminary triangle tests as described in ISO 4120 were performed with the samples: (a) GY vs. 
NY, (b) GY vs. WPI-X/L-Y, (c) GY vs. YA100-Y. Ten panellists were recruited for the analysis. 
To increase their discrimination ability, six one-hour training sessions were performed as warm-up 
before the triangle tests to help the panellists become familiar with the products and the mechanics 
of the triangle test and to develop the vocabulary for yogurt description (Lawless & Heymann, 
1999). Analyses were conducted in individual tasting booths under red lights. For each comparison, 
three randomly coded samples consisting of two of the same and one different sample were 
presented to the panellists. Panellists were asked to taste the samples in the order given and identify 
the odd sample, provide written comments on the odd samples and a note if they were guessing. A 5 
min break was taken between the sets of comparisons. Panellists were provided with spring water 
and cucumber for palate cleansing between samples. In the cases where the odd sample could not be 
identified, the panellists were forced to make a choice (questionnaire given in appendix as Figure 
8S-1). The presentation order of the comparisons and samples were completely randomized. For 
each test, replicates were conducted to improve the power of analysis and to be able to detect true 
discriminators. 
8.2.6.2 Ranking test 
 After the triangle tests were conducted, the samples showing significant differences were evaluated 
by a ranking test. The method was referred to ISO 8587. The main differences according to the 
comments from the triangle tests were chosen as attributes for ranking. The ranking test panel group 
consisted of 38 untrained volunteers. They were asked to rank the samples according to the 
attributes from highest intensity to lowest. Panellists were also asked to provide written comments 
on the samples. The samples were randomly coded and presented simultaneously (questionnaire 
given in appendix as Figure 8S-2). Mineral water was served to clean the palate between samples. 
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8.2.7 Statistical analysis 
All analyses were carried on two independent replicates unless otherwise specified. Minitab ver. 16 
software (Minitab Inc., USA) was used in the statistical analysis. ANOVA General Linear Model 
was used  for the analysis of variance of instrumental data, test of significance (p < 0.05). Pearson 
correlation was run for both instrumental and sensory data. The results of the triangle test were 
analysed using Chi-square distribution. Friedman analysis of variance was applied to the data of the 
ranking test and significance of differences between samples was determined by the Fisher test (α = 
0.05), using Minitab.  
Principal component analysis (PCA) of the instrumental and sensory data was conducted (R ver 
2.15.3) to illustrate the relationship between variables and samples.  
8.3 Results and discussion 
8.3.1 pH change 
pH change was recorded for the yogurt and Figure 8-1 shows the time-course of pH change during 
fermentation of different yogurts. The yogurt manufacture protocol was rigorously followed and 
very close pH values were observed within replicates. Only representative curves were presented. In 
all cases, the pH at the beginning of fermentation was around 6.4 and a decrease was observed as 
soon as the fermentation started. The pH decreased relatively slowly in the initial stage (~first 150 
min) of fermentation for all the samples. Similar results have been previously reported and they 
were attributed to the urease activity of the culture, producing ammonia which partially neutralizes 
lactic acid (Haque, Richardson, & Morris, 2001). Much faster decrease occurred after that. In 
addition, the hydrocolloids seemed to accelerate the acidification process, as the pH decrease was 
faster in yogurt with stabilizers than in NY, with acidification in YA100-Y the fastest. The reason 
for this is not known. The different acidification rates could affect the properties of the final 
products. 
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Figure 8-1. Time-course of pH change during fermentation of NY (—), GY (…), WPI-X/L-Y (－·－) and YA100-Y (— —) at 
45 °C. 
8.3.2 Rheology 
Figure 8-2 shows flow curves of yogurts with or without stabilizers by plotting shear rate versus 
shear stress. All the yogurts showed hysteresis loops and shear thinning (thixotropic) behavior. 
Similar observations have been reported for set yogurt (Paseephol, Small, & Sherkat, 2008). The 
WPI-X/L-Y and GY showed higher shear stress values than NY and YA100-Y, indicating stronger 
gel structure was formed with higher resistance to shear forces (Ares et al., 2007).  
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Figure 8-2. Flow curves of NY (—), GY (…), WPI-X/L-Y (－·－) and YA100-Y (— —). Shear rate was first increased (▲) 
and then decreased (△). Measurement temperature was 4 °C. 
The upward curves were fitted to the Herschel-Bulkley model and the resulting parameters are 
shown in Table 8-1. The model satisfactorily fitted the experimental data for all the samples, 
showing R
2
 values generally above 0.96 (data not shown). WPI-X/L-Y exhibited the highest yield 
stress, indicating the highest shear stress required to trigger the flow of yogurt, followed by YA100-
Y; GY showed the lowest yield stress, even lower than NY, which could be related to the results in 
Chapter 4 which showed that gelatin tended to decrease the G′ of acid milk gels during gelation. 
Apart from the first yielding point, all yogurts except GY, showed a small shear stress peak at shear 
rate of ~ 4.5 s
-1
 during downward flow curve (Figure 8-2). This observation has not been reported 
before and further investigation needs to be done to understand the meaning of the peak. The 
consistency coefficient (K) was highest for GY, followed by WPI-X/L-Y and YA100-Y, NY 
showing the lowest values. The results were generally in agreement with the previous research, 
showing that gelatin and X/L both increased K (Ares et al., 2007; Keogh & O'Kennedy, 1998). As 
for the flow index (n), which is a measure of deviation of shear thinning fluids from Newtonian 
flow, NY and YA100-Y showed higher values (0.61 and 0.55, respectively) than WPI-X/L-Y and 
GY (0.46 and 0.32, respectively), indicating that addition of gelatin and WPI-X/L increased the 
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pseudoplastic behavior of yogurt. Similar results were reported for gelatin and X/L in yogurt by 
Keogh and O'Kennedy (1998) and Ares et al. (2007). They also concluded that greater shear 
thinning occurred with an increase of K. 
Table 8-1. Rheological parameters from flow curve of yogurts 
Sampl
e code 
yield stress 
σ0 (Pa) 
consistency 
coefficiency 
K (Pa.s) 
flow 
behavior 
index (n) 
area under 
up curve 
Aup (1/s.Pa) 
area difference 
ΔA 
apparent 
viscosity 
(50 s
-1
) 
NY 10.03±1.44
c
 2.11±0.97
c
 0.61±0.17
a
 3192±558
c
 910±228
b
 0.66±0.11
b
 
GY 6.34±1.75
d
 10.72±2.54
a
 0.32±0.05
c
 4214±572
ab
 1021±148
b
 0.84±0.12
a
 
WPI-
X/L-Y 19.28±3.27
a
 5.22±2.79
b
 0.46±0.14
b
 4757±1031
a
 1388±326
a
 0.94±0.17
a
 
YA10
0-Y 12.37±1.45
b
 2.90±0.92
bc
 0.55±0.03
a
 3578±791
bc
 1009±254
b
 0.69±0.09
b
 
Means (n=3) within a column with different letters are significantly different (p < 0.05).  
The effect of stabilizers on the apparent viscosity (ηapp) at shear rate of 50 s
-1
, which was reported as 
an effective oral shear rate (Marcotte, Taherian Hoshahili, & Ramaswamy, 2001), and on the area 
of the hysteresis loop (ΔA), an indication of structural breakdown and rebuilding during shearing 
(thixotropy), is shown in Table 8-1. ηapp was higher for WPI-X/L-Y and GY than for YA100-Y and 
NY. Gelatin was reported to increase the apparent viscosity of yogurt due to the interaction between 
gelatin and milk proteins (Ares et al., 2007; Teles & Flores, 2007). Higher apparent viscosity of 
yogurt with whey protein fortification was observed previously (Isleten & Karagul-Yuceer, 2006). 
WPI-X/L-Y showed the highest ΔA and no significant difference was observed among the other 
three yogurts, indicating WPI-X/L-Y was more susceptible to structural breakdown by the 
application of shear stress and restructuring of the protein aggregates into a coherent network 
structure after shearing was more difficult than in the other yogurts (Amatayakul et al., 2006; Ares 
et al., 2007). 
Figure 8-3 shows the plot of log (G′) or log (G′′) versus log (ω). All yogurts exhibited viscoelastic 
characteristics, with G′ being higher than G′′ during the entire frequency range. The slope of the line 
was found to be highest for GY, followed by NY and WPI-X/L-Y, indicating the modulus was 
more frequency-dependent and the gel was more viscous in GY than in other yogurts (Hassan et al., 
1995). The viscoelastic properties of yogurts with different stabilizers were also studied and the 
results at frequency (ω) of 1 Hz are shown in Table 8-2. The WPI-X/L-Y showed the highest G′ and 
G′′, followed by YA100-Y, while no significant difference between NY and GY, indicating firmer 
yogurt gels were formed with WPI-X/L and YA100. Whey protein fortification has also been 
reported to induce higher yield stress and higher G′ due to the increased protein–protein interaction 
by addition of WPI (Damin et al., 2009; Isleten & Karagul-Yuceer, 2006; Lee & Lucey, 2006). 
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Moreover, the WPI-X/L-Y showed higher loss tangent than YA100-Y, indicating the former yogurt 
was more viscous than latter. GY exhibited the highest value of loss tangent.  
 
Figure 8-3. Frequency sweeps of NY (○), GY (∆) WPI-X/L-Y (◊) and YA100-Y (x). Measurement temperature was 4 °C. The 
elastic modulus, G′ is shown with solid lines, and the viscous modulus G′′ without lines. 
Table 8-2. Viscoelastic parameters of yogurts from frequency sweeps. 
Sample code G′, at 1Hz G′′, at 1 Hz 
loss tangent 
δ, at 1 Hz 
slope of log (G′) 
vs log (frequency) 
slope of log (G′′) 
vs log (frequency) 
NY 163.8±19.3
c
 38.60±4.41
c
 0.24±0.01
b
 0.14±0.01
bc
 0.13±0.01
b
 
GY 139.2±16.4
c
 33.84±4.26
c
 0.24±0
a
 0.15±0.01
a
 0.16±0.01
a
 
WPI-X/L-Y 413.1±96.6
a
 92.63±22.0
a
 0.22±0.01
c
 0.14±0.01
b
 0.13±0
bc
 
YA100-Y 278.1±78
b
 59.96±18.7
b
 0.22±0.01
d
 0.13±0.01
c
 0.12±0
c
 
Means (n=3) within a column with different letters are significantly different (p < 0.05).  
Thus, the combination of WPI-X/L enhanced the properties of yogurt, in terms of consistency, 
pseudoplasticity and apparent viscosity, similar to as did 0.4% gelatin. Consistency is an important 
property for stirred yogurt, especially for flavored yogurt where the added flavor ingredients 
generally decrease the consistency, which is the reason why flavored yogurts generally contain 
stabilizers (Ramaswamy & Basak, 1992). It was reported that higher consistency index and higher 
pseudoplasticity led to higher acceptability by sensory panellists for lactic beverage and ―more 
viscous‖ is a desirable property for yogurt (Penna, Sivieri, & Oliveira, 2001). On the other hand, 
different from gelatin, WPI-X/L induced higher yield stress and G′ than NY, which are strongly 
related to gel strength. Yield stress was reported to correlate very well with the initial firmness of 
yogurt assessed by sensory evaluation (Harte, Clark, & Barbosa-Canovas, 2007). As discussed in 
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Chapter 7, the gel strength could be adjusted by optimizing the ratio of milk protein or using 
different types of whey protein as fortifiers. Addition of YA100 seemed to also increase the gel 
strength of yogurt, as shown by the results of yield stress and G′, but did not increase its consistency 
or pseudoplasticity.  
8.3.3 Texture and syneresis 
The textural parameters and WHC of the four yogurts are shown in Table 8-3. NY showed the 
lowest firmness and adhesiveness, but highest cohesiveness. WPI-X/L-Y showed opposite results, 
i.e. highest firmness and adhesiveness, but lowest cohesiveness. GY did not show significantly 
different firmness and adhesiveness from the NY, but lower cohesiveness was observed. YA100-Y 
exhibited similar texture properties as GY, but higher firmness than the NY. These results were in 
agreement with the results of stirred acid gels in chapter 7. 
Table 8-3. Textural parameters from texture profile analysis and water holding capacity (WHC) of yogurts  
Sample code Hardness(N) Cohesiveness(ratio) Adhesiveness(Nm) WHC (%) 
NY 0.24±0.02
c
 0.77±0.05
a
 0.09±0.05
a
 97.2±0.41
c
 
GY 0.3±0.03
bc
 0.71±0.04
b
 0.19±0.07
ab
 100±0
a
 
WPI-X/L-Y 0.43±0.1
a
 0.62±0.04
c
 0.28±0.07
b
 98.4±0.62
b
 
YA100-Y 0.33±0.07
b
 0.68±0.08
bc
 0.16±0.09
ab
 97.4±0.68
c
 
Means (n=3) within a column with different letters are significantly different (p < 0.05).  
No expelled serum was seen in GY; therefore 100% WHC was obtained. WPI-X/L also 
significantly increased the WHC of yogurt while the texturizer YA100 did not show any 
improvement in WHC over the NY. 
8.3.4 Principal component analysis (PCA) of instrumental data 
The first two principal components (PC) accounted for 37.29% and 30.44% of the variance in data, 
respectively. The first PC correlated positively with yield stress, G′, G′′, ΔA, Aup, apparent viscosity, 
firmness and adhesiveness, and negatively with cohesiveness, loss tangent, slope of log (G′) vs 
frequency and slope of log (G′′) vs frequency. The second PC was correlated positively with 
consistency and WHC, negatively with flow behavior index (Figure 8-4A).  
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Figure 8-4. Loading (A) and score (B) plot of the principal component analysis of the instrumental data. The square in each 
ellipse represents the mean value on PC1 and PC2 for each product; the edges of the ellipses represent confidence limits 
based on the sample variances for each product in each of two dimensions. 
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Table 8-4. Pearson correlations among instrumental parameters  
 
yield 
stress σ0  
consistency 
coefficiency  
flow 
behavior 
index  Aup  ΔA  
apparent 
viscosity  G′ G′′ 
loss 
tangent δ 
slope of log 
(G′) vs log 
frequency 
slope of log 
(G′′) vs log 
frequency firmness cohesiveness adhesiveness 
consistency 
coefficiency 
-0.388 
NS              
flow behavior 
index 
0.224 
NS 
-0.959 
***             
Aup 
0.408 
NS 
0.644 
* 
-0.693 
*            
ΔA 
0.736 
** 
0.289 
NS 
-0.382 
NS 
0.883 
***           
apparent viscosity 
0.476 
NS 
0.514 
NS 
-0.627 
* 
0.836 
*** 
0.861 
***          
G′ 
0.877 
*** 
-0.194 
NS 
0.055 
NS 
0.519 
NS 
0.703 
* 
0.494 
NS         
G′′ 
0.883 
*** 
-0.164 
NS 
0.026 
NS 
0.551 
NS 
0.733 
** 
0.531 
NS 
0.998 
***        
loss tangent δ 
-0.602 
* 
0.54 
NS 
-0.42 
NS 
0.056 
NS 
-0.176 
NS 
0.087 
NS 
-0.677 
* 
-0.631 
*       
slope of log (G′) vs 
frequency 
-0.416 
NS 
0.854 
*** 
-0.785 
** 
0.459 
NS 
0.214 
NS 
0.418 
NS 
-0.395 
NS 
-0.354 
NS 
0.74 
**      
slope of log (G′′) 
vs frequency 
-0.688 
* 
0.805 
** 
-0.709 
* 
0.229 
NS 
-0.126 
NS 
0.167 
NS 
-0.618 
* 
-0.586 
* 
0.848 
*** 
0.889 
***     
firmness 
0.788 
** 
0.031 
NS 
-0.202 
NS 
0.574 
NS 
0.762 
** 
0.684 
* 
0.682 
* 
0.689 
* 
-0.477 
NS 
-0.065 
NS 
-0.374 
NS    
cohesiveness 
-0.707 
* 
-0.06 
NS 
0.269 
NS 
-0.522 
NS 
-0.647 
* 
-0.601 
* 
-0.652 
* 
-0.65 
* 
0.536 
NS 
0.074 
NS 
0.34 
NS 
-0.945 
***   
adhesiveness 
0.484 
NS 
0.425 
NS 
-0.538 
NS 
0.724 
** 
0.773 
** 
0.654 
* 
0.499 
NS 
0.512 
NS 
-0.282 
NS 
0.21 
NS 
-0.072 
NS 
0.803 
** 
-0.748 
**  
WHC 
-0.233 
NS 
0.795 
** 
-0.818 
** 
0.47 
NS 
0.262 
NS 
0.594 
* 
-0.2 
NS 
-0.157 
NS 
0.621 
* 
0.886 
*** 
0.782 
** 
0.173 
NS 
-0.177 
NS 
0.332 
NS 
Not significant, NS; P<0.05, *; p<0.01, **; p<0.0001, *** 
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The variables loading to the left and right of the first PC were highly correlated (Table 8-4). 
The four samples were separated into four well-defined groups (Figure 8-4B). NY was 
characterized by high cohesiveness and low gel strength, seen from low firmness, yield stress, 
G′, etc. WPI-X/L-Y was located in the opposite direction to NY, exhibiting high gel strength. 
GY was characterized mainly by pseudoplasticity (negative loading of flow behavior index), 
frequency dependency, high consistency and high WHC. YA100-Y was located opposite to 
GY, with low pseudoplasticity. 
8.3.5 Microstructure 
Figure 8-5 shows the microstructure of yogurt without or with different stabilizers. All the 
yogurts showed similar structure and the typical casein network was visible. Specifically, GY 
exhibited very similar structure as NY. WPI-X/L-Y showed smaller and denser aggregates 
with less void space than NY, probably due to the fact that whey protein particles limited the 
aggregation of the casein micelles into clusters (Sandoval-Castilla et al., 2004). Unlike in the 
stirred acid gel, no X-L strands were observed in the cultured yogurt. A Lactobacillus cell 
was detected in the image of WPI-X/L-Y. YA100-Y exhibited a more open and loose 
structure with thinner chains of fused casein micelles. Some thin strands, similar to those seen 
in the stirred acid milk gel, were also observed in the network. 
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Figure 8-5. Micrographs of control yogurt (A), yogurts with 0.4% gelatin (B), WPI-X/L (C) and YA100 (D).  
8.3.6 Sensory analysis 
8.3.6.1 Triangle test 
The primary triangle tests were conducted to test whether overall differences existed between 
the samples. Comments about the samples were required from the panellists for further 
investigation of samples which were perceived to be different. Table 8-5 shows the results of 
the triangle test. If a panellist correctly identified the odd sample, a score of 1 was recorded. 
Otherwise, a score of 0 was recorded in case on incorrect identification of odd sample. At 
least nine out of 10 panellists correctly identified the odd sample for both comparison 
between GY and NY, and between GY and WPI-X/L-Y; 8 out of 10 for the comparison 
between GY and NY. Chi-square distribution showed that GY was perceived significantly 
  
   
A B 
D 
C 
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different from the other yogurts (NY, WPI-X/L-Y and YA100-Y) (p<0.001) (data not shown). 
From the comments of the panellists, the differentiation was mainly based on thickness, 
smoothness and stickiness. It seemed that WPI-X/L did not produce exactly the same 
properties in yogurt as gelatin. However, triangle tests only provided an indication of the 
overall difference between the samples. Specific attributes leading to the perceived difference 
need to be determined to further evaluate the potential of WPI-X/L to replace gelatin, as well 
as to further modify the combination.   
Table 8-5. Results of triangle tests used to evaluate differences between GY and the other three yogurts.  
 
Replicate 1 Replicate 2 
Panelist No. GY vs NY GY vs WPI-X/L-Y GY vs YA100-Y GY vs NY GY vs WPI-X/L-Y GY vs YA100-Y 
1 1 1 1 1 1 1 
2 0 1 0 1 1 0 
3 1 1 1 1 1 1 
4 1 1 1 1 1 1 
5 1 1 0 1 1 0 
6 1 1 1 1 1 1 
7 1 1 1 1 1 1 
8 1 1 1 1 1 1 
9 1 0 1 1 1 1 
10 1 1 1 1 1 1 
Total 9 9 8 10 10 8 
8.3.6.2 Ranking test 
Ranking test is a rapid test that demands relatively little training and is applicable to 
questions of sensory intensity (Lawless & Heymann, 1999). Based on the results of the 
triangle test, further comparison of these four products was explored by a ranking test, for the 
three attributes of thickness, smoothness and stickiness, which are also primary texture 
characteristics of yogurt. Friedman analysis of results from the ranking test showed 
significant differences (α=0.05) in all these three attributes. Therefore, Fisher‘s test on the 
results of thickness, smoothness and stickiness was performed.  The ranking sums of the 
samples are shown in Figure 8-6. For thickness, WPI-X/L-Y showed the highest value, 
followed by YA100-Y and significantly lower ranking was given to gelatin and yogurt 
without any stabilizers. Milk fortification has been reported to increase the oral viscosity of 
yogurt (Isleten & Karagul-Yuceer, 2006; Marafon et al., 2011; Penna, Baruffaldi, & Oliveira, 
1997). For smoothness, GY and NY showed higher ranking than WPI-X/L-Y and YA100-Y 
and no significant difference was perceived between GY and NY. For stickiness, the highest 
ranking was for the WPI-X/L-Y, followed by YA100-Y; GY and NY showed no significant 
difference. 
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Figure 8-6. Results of ranking test of the yogurts according to attributes of thickness, smoothness and stickiness. 
Different letters on top of bars mean significant difference within bar groups (p < 0.05).  
It seemed that GY did not show any significant difference from NY according to the three 
attributes. However, according to the comments of panellists from triangle test, 9 out of 10 
panellists commented that GY was thicker and smoother than NY (results not shown). This 
might indicate that the difference between GY and NY based on the three attributes, 
especially thickness and smoothness, could not be detected by an untrained panel, but could 
be detected by a semi-trained panel. Familiarity with the product and attributes seemed to 
play an important role in detecting small differences (Barcenas, Elortondo, & Albisu, 2004). 
It has also been reported that gelatin decreased the graininess of yogurt efficiently (Ebdali, 
Motamedzadegan, & Hosseini-parvar). Oral viscosity has been evaluated for yogurt with and 
without gelatin by Ares et al. (2007), using a trained panel. The results showed that higher 
sensory viscosity was obtained by addition of gelatin.  
Smoothness was the major difference between GY and WPI-X/L-Y. Several approaches can 
be taken to further improve the smoothness of yogurts containing WPI-X/L. It was reported 
that fortifying yogurt with milk protein or severe heating tended to cause a granular texture 
and increase chalkiness (Isleten & Karagul-Yuceer, 2006; Sodini et al., 2004). However, 
another study showed that yogurts fortified with ion exchange-WPC and electrodialysis-WPC 
at 1% showed similar smoothness with gelatin containing yogurt, while yogurt fortified with 
ultrafiltration-WPC was coarser than gelatin containing yogurt (Modler et al., 1983). It was 
also found that fortifier containing microparticulated whey protein resulted in a good 
creaminess score, comparable to high-fat yogurt (Janhoj et al., 2006). Therefore, better 
sensory properties could be achieved by using modified whey proteins and optimizing the 
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concentration. Also, higher thickness was perceived in WPI-X/L-Y than in GY. Sensory 
thickness was reported to increase with increasing levels of added milk fortifiers (Modler et 
al., 1983). Further optimization on the applied concentration of WPI and the gums will be 
needed to obtain the desired thickness.  
8.3.6.3 PCA of sensory data 
For sensory data of the four samples, the two principal components (PC) explained 55.86% 
and 25.83% of the variance in the data, respectively (Figure 8-7A). The first PC was 
positively correlated with thickness and stickiness, and negatively with smoothness. The 
second PC was positively correlated with smoothness and stickiness. A weak positive 
correlation was observed between stickiness and thickness (P < 0.001), and weak negative 
correlations were seen between smoothness and the other two attributes (P < 0.01) (Pearson 
correlation results not shown). From the score plot of PCA (Figure 8-7B), NY and GY were 
separated from WPI-X/L-Y and YA100-Y along the first PC. The ellipses represent 
confidence limits (95%) derived from the variance -covariance matrix for responses to the 
different products. The former group exhibited higher smoothness, while the latter group 
higher stickiness and thickness. WPI-X/L-Y and YA100-Y were closely associated on the 
second PC, indicating the similarities of these two products in terms of the three attributes. 
GY was perceived as more sticky and smooth than NY, seen from the second PC. 
From the PCA results of the instrumental and sensory data, it seemed that the sample with 
high score of stickiness and thickness (i.e. WPI-X/L-Y) from sensory data also exhibited high 
gel strength and apparent viscosity determined by instrumental measurement; sample with 
high sore of smoothness (i.e. GY) also exhibited high consistency, pseudoplasticity and 
frequency dependency. A good correlation between apparent viscosity from instrumental 
analysis and thickness from sensory evaluation has been reported (Janhoj et al., 2006; Penna, 
Baruffaldi, & Oliveira, 1997; Richardson et al., 1989; Teles & Flores, 2007), as well as oral 
viscosity and the hysteresis loop area from the flow curve (Skriver, Holstborg, & Qvist, 
1999). It was also reported that sensory descriptors (mouthfeel and creaminess) were 
positively correlated to the instrumental parameters of yield stress, consistency coefficient 
and hyeteresis, and negatively correlated to syneresis and flow behavior index (Ares et al., 
2007).  
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Figure 8-7. Loading (A) and score (B) plot of the principal component analysis of the sensory data. The square in 
each ellipse represents the mean value on PC1 and PC2 for each product; the edges of the ellipses represent 
confidence limits based on the sample variances for each product in each of two dimensions. 
8.4 Conclusions 
WPI-X/L was found to be a promising alternative to replace gelatin in yogurt according to the 
results of consistency, pseudoplasticity, apparent viscosity and water holding capacity 
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(WHC); however, WPI-X/L induced higher gel strength in yogurt than gelatin, as seen from 
the higher yield stress and G′, which could be optimized with further study on the applied 
concentration of the ingredients of the combination. Moreover, the WPI-X/L-Y obtained the 
highest score for sensory thickness and stickiness, which could be related to the high gel 
strength. Smoothness was found to be another critical attribute that differentiated gelatin from 
other stabilizers and WPI-X/L-Y showed the lowest score for this attribute. Other types of 
whey protein, i.e. microparticulated whey protein, might result in better smoothness. The 
mechanism of how gelatin increases smoothness needs further study. It seemed that WPI-X/L 
produced closer results to gelatin in yogurt than the commercial product, YA100, in some 
essential properties, such as WHC, consistency or pseudoplasticity.  
 148 
 
9 Conclusions and recommendations for future research 
9.1 General discussion 
This project aimed to gain a better understanding of the mechanisms of gelatin functionality 
in yogurt and find a potential gelatin alternative. From the results of acid milk gels with 
gelatin (Chapter 4 & 5), the effect of gelatin on yogurt could be seen according to different 
stages of yogurt manufacture and storage, even consumption. 
During fermentation (mimicked by the acidification stage of milk gel production), gelatin 
exists in coil form and does not reinforce the milk gel structure; instead, it interferes with the 
formation of the milk gel through steric interference and interactions between gelatin and 
milk proteins. It was concluded in Chapter 3 that interactions between gelatin and casein 
occur at pH above 5.0 through negatively charged groups on gelatin and positively charged 
patches on κ-casein. This interference resulted in lower gel strength and a more 
heterogeneous microstructure of the milk gel at the end of fermentation than those of gels 
without gelatin.  
During cooling, gelatin undergoes a transition from coil to helix, which contributes to 
stabilization of the native milk gel structure. The transition traps water molecules into the 
triple helices as ―structural water‖. A gelling point was observed with addition of 2.5% 
gelatin to milk gels and the gelling temperature was in agreement with the gelling 
temperature of 2.5% pure gelatin gel. No effect of addition of gelatin on the rheological 
properties of acid gels could be observed at low concentrations (0.4 and 1%).  
During the storage of yogurt (mimicked by the annealing stage of milk gels), the structures of 
both milk and gelatin gels continued to reorganize. The rearrangement of the milk gel protein 
network could induce syneresis in the final product, while the gelatin helps to reinforce the 
gel network through more ―coil to helix‖ transitions. The G′ of the final yogurt product is 
suggested to be the result of a balance between the decrease in gel strength during 
fermentation and the increase in gel strength during cooling and storage. Gelatin strands 
could be seen in this stage in electron micrographs; the formation of the gelatin gel structure 
did not destroy the existing milk gel. The appearance of the gelatin structure in milk gels 
depended on the concentration of gelatin, which is in agreement with the study of pure gelatin 
gels (chapter 3).  
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In the consumption stage (mimicked by the heating stage of milk gels), the thermally 
reversible gelatin structure undergoes a ―helix to coil‖ transition and milk gels containing 
high concentrations of gelatin (1 and 2.5%) showed melting points in rheology results and all 
the gelatin structure melted, as seen from microstructure results. This could impart the ―melt-
in-mouth‖ or ―fat-like‖ sensory perception to low fat yogurt. Therefore, through the study in 
each stage, better understanding of the role of gelatin in yogurt was obtained. 
Gelatin interacts weakly with casein but does not interact with whey proteins (Chapter 3). It 
is suspected that the ionic polysaccharides (like xanthan gum) with gelling property are better 
choices than non-ionic ones (like guar and LBG) to replace gelatin in yogurt (Chapter 6). Not 
only do segregative interactions occur between polysaccharides and milk proteins, but also 
associative interactions occur with the ionic polysaccharides; this can result in more 
compatible systems. The compatibility can be seen from the rheology results (Chapter 6) 
which indicated that milk gelation was not inhibited from the very beginning of the 
acidification stage with the addition of ionic polysaccharides. Also the micrographs showed 
that no severe aggregation of milk proteins was caused by a polysaccharide compatible with 
milk and the typical casein network is maintained. However, polysaccharides that interact 
strongly with milk proteins (like carrageenan) should be avoided as they interfere severely 
with the milk gelation. A synergistic interaction between xanthan and LBG leads to a 
thermally reversible gelation of the mixture; in stirred acid milk gels, similar rheological and 
microstructural effects as gelatin were observed with addition of the xanthan and LBG 
combination (1:1 ratio, 0.01% (w/w)). However, none of the polysaccharides increased the 
water holding capacity (WHC) of stirred acid milk gels as well as gelatin. Addition of WPI 
induced high WHC in stirred acid milk gels (Chapter 7). The combination of WPI-Xanthan-
LBG (WPI-X/L) showed similar properties to gelatin in acid milk gels, i.e. thermally 
reversible gelation, increasesWHC and forms gel strands in the milk gel network. 
WPI-X/L (Chapter 7 & 8) was further shown to be a promising replacement for gelatin in 
yogurt according to the consistency, pseudoplasticity, apparent viscosity and WHC results; 
high sensory thickness and stickiness scores were obtained with WPI-X/L. These results also 
indicate the validity of our hypothesis at the beginning that polysaccharides or - milk 
components that have similar properties to gelatin could be promising gelatin replacements in 
yogurt. However, some differences between WPI-X/L and gelatin should be noted. First, a 
low concentration of gelatin (0.4%) can enhance the WHC of yogurt without increasing its 
firmness. This property could be due to the formation of intramolecular crosslinks during its 
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―coil to helix‖ transition, which do not contribute to the rigidity of the gel. On the other hand, 
WPI-X/L induced higher gel strength in yogurt than in gelatin-containing yogurt. Moreover, 
smoothness was found to be a critical sensory attribute that differentiated yogurts containing 
gelatin from those containing WPI-X/L; gelatin induced a smoother texture than WPI-X/L. 
The combination of the techniques used in this study proved to be useful for evaluating the 
potential of various ingredients as gelatin replacers in stirred milk gels. The gelation 
mechanisms could be followed and observed with dynamic oscillatory rheology and SEM, 
while the resulting product could be evaluated with texture analysis and WHC measurement.  
9.2 Conclusions 
The combination of techniques of rheology, microstructure, texture analysis and water 
holding capacity were very useful to obtaining an understanding of the role of gelatin in 
yogurt. The main properties that gelatin brings to milk gels like yogurt, are thermal reversible 
gelation or (reversible coil–to- helix transition) below human body temperature, which gives 
the product the unique ―melt-in-mouth‖ property, and increased water holding capacity 
(WHC) of the product.  Furthermore, gelatin can increase WHC of the milk gels without 
increasing gel firmness, and has good compatibility with milk proteins through weak 
interaction with casein. These two features ensure that yogurt to which gelatin is added 
retains its own characteristics. For the replacement of gelatin in yogurt, the combination of 
the ionic polysaccharide xanthan and the non-ionic polysaccharide LBG had similar gelling 
and melting properties as gelatin, as well as good compatibility with milk proteins. However, 
the gums could not increase WHC effectively. On the other hand, WPI had a great ability to 
increase WHC, but without the ability to form a gel at appropriate added concentrations. The 
combination of WPI and xanthan/LBG brought the properties of milk gels closer to gelatin-
containing gels than when used alone, which indicated the significance of the methodology 
used in this study to evaluate possible gelatin replacements. However, further optimization 
needs to be carried to lower the gel strength and improve the smoothness of yogurt containing 
WPI-X/LBG as a gelatin replacement. 
9.3 Future research recommendations 
 Future work should involve more polysaccharides (both ionic and non-ionic) to 
further test the assumption that ionic polysaccharides, which do not interact strongly 
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with milk proteins, are a better choice as gelatin replacement than non-ionic 
polysaccharides. 
 Different types of whey proteins, especially microparticulated whey protein (MWP), 
should be studied in combinations of milk proteins and polysaccharides to replace 
gelatin in yogurt. MWP has been reported to result in a good creaminess scores in 
sensory evaluation; this may increase the smoothness score as well, since the 
creaminess and smoothness are highly correlated. 
 Because of the time limitation, starch was not evaluated in cultured yogurt. Starch, as 
well as xanthan/LBG, produced promising results, except that no formation of gel 
strands could be observed in electron micrographs. Further investigation into 
combinations of whey proteins and starch should be conducted.  Furthermore, other 
types of modified starch should also be studied. 
 Smoothness was found to be an interesting sensory property on which only gelatin 
have a positive effect. None of the instrumental methods used in our study could 
provide information on this characteristic. Tribology techniques may be useful to 
further investigate this property. 
 Quantitative description analysis could be applied for the sensory evaluation of yogurt 
with stabilizers to obtain more comprehensive sensory information. 
 Optimization of the concentrations of WPI, SMP and polysaccharides should be 
conducted to achieve results closer to those of gelatin. 
 A further study with purified milk proteins, such as κ-casein, β-casein, α-lactalbumin 
and β-lactoglobulin, could be undertaken to better understand the mechanism of 
interaction between gelatin and milk proteins. 
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Appendix 
Table 3S- 1. Gelling temperature (TG) of the pure and milk protein containing gelatin B gels at different 
concentrations and pH.  
Gelatin Concentration 
(w/v) 
pH 
TG (°C) 
Pure WPI MPC SMP 
2.5% 
3.0 NG NG ND ND 
4.6 16.6±0.2 15.4±0.3 ND ND 
5.3 17.2±0.1 16.7±0.1 ND ND 
6.6 16.8±0.2 16.7±0.1 17.1±0.1 17.2±0.6 
8.0 16.4±0.1 16.4±0.5 17.6±0.1 17.6±0.4 
5.0% 
3.0 16.5±0.2 16.8±0.4 ND ND 
4.6 20.8±0.1 20.2±0.5 ND ND 
5.3 20.7±0.1 22.0±2.1 ND ND 
6.6 20.7±0.1 20.6±0 21.6±0.2 21.9±0.4 
8.0 20.9±0.3 20.8±0.7 21.9±0 22.4±0.2 
NG= no gelling was observed; ND= sample not done 
Table 3S- 2. Melting temperature (TM) of the pure and milk protein containing gelatin B gels at different 
concentrations and pH.  
Gelatin Concentration 
(w/v) 
pH 
TM (°C) 
Pure WPI MPC SMP 
1.0% 
3.0 NG NG ND ND 
4.6 24.9±0.5 24.9±0.1 ND ND 
5.3 26.9±0.1 24.7±0.8 ND ND 
6.6 26.2±1.1 25.1±0 25.8±0.2 26.6±1.0 
8 24.8±0.5 25.9±0.4 26.9±0.1 27.2±0.1 
 
 
 
 
2.5% 
3.0 26.6±0.3 25.6±0.5 ND ND 
4.6 28.3±0.1 27.1±0.3 ND ND 
5.3 28.5±0.0 28.3±0 ND ND 
6.6 28.3±0.4 28.3±0 28.4±0.1 29.1±0 
8 28.1±0.5 28.7±0.1 28.9±0 31.6±0.6 
5.0% 
3.0 27.1±0 26.2±0.1 ND ND 
4.6 29.3±0.2 29.2±0.2 ND ND 
5.3 29.7±0 29.5±0.2 ND ND 
6.6 29.6±0.1 29.5±0 30.2±0.2 30.6±0.2 
8 30.0±0.4 29.5±0.1 30.9±0.1 34.5±0 
NG= no gelling was observed; ND= sample not done 
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Table 3S-3. G0′ of the pure and milk protein containing gelatin B gels at different concentrations and pH.  
Gelatin Concentration 
(w/v) 
pH 
G0′ (Pa) 
Pure WPI MPC SMP 
2.5% 
3.0 NG NG ND ND 
4.6 119.3±10.2 66.8±4.3 ND ND 
5.3 124.9±20.8 75.9±1.0 ND ND 
6.6 130.6±2.6 105.9±0.7 167±10.4 186±22.7 
8 112.5±0.5 65.1±6.6 179±18.5 227±2.9 
5.0% 
3.0 428±21.8 397±10.6 ND ND 
4.6 1110±11.4 759±46.9 ND ND 
5.3 1098±18.7 815±14.0 ND ND 
6.6 1074±0.5 800±17.4 1423±11.1 1405±2.7 
8 1025±16.3 725±23.0 1545±141.4 1495±3.5 
NG= no gelling was observed; ND= sample not done 
Table 3S-4. G∞′ of the pure and milk protein containing gelatin B gels at different concentrations and pH.  
Gelatin Concentration 
(w/v) 
pH 
G∞′ (Pa) 
Pure WPI MPC SMP 
1.0% 
3.0 NG NG ND ND 
4.6 27.8±12.0 97.2±62.4 ND ND 
5.3 15.4±0.4 71.0±21.3 ND ND 
6.6 20.2±1.2 60.7±51.4 25.5±0.4 29.9±0.9 
8 61.5±37.4 101.5±9.3 30.1±9.4 25.1±0.7 
2.5% 
3.0 309.2±2.6 234.8±17.7 ND ND 
4.6 424.4±29.3 323.9±6.9 ND ND 
5.3 400.9±57.4 336±7.9 ND ND 
6.6 453.7±6.3 413.6±1.9 521±21.4 546±47.7 
8 437±4.7 324.7±25 545±46.1 638±3.4 
5.0% 
3.0 1583±57 1340±31.5 ND ND 
4.6 2396±24.7 1771±95.1 ND ND 
5.3 2355±36.3 1863±31.7 ND ND 
6.6 2358±2.2 1869±44.1 2894±13.1 2865±6.2 
8 2294±49.5 1736±61.7 2960±483 2971±0.4 
NG= no gelling was observed; ND= sample not done 
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Table 3S-5. K′ of the pure and milk protein containing gelatin B gels at different concentrations and pH.  
Gelatin Concentration 
(w/v) 
pH 
K′ (10-3) 
Pure WPI MPC SMP 
1.0% 
3.0 NG NG ND ND 
4.6 5.8±4.8 1.7±1.3 ND ND 
5.3 7.6±2.1 1.6±0.4 ND ND 
6.6 8.0±0.1 3.5±3.5 8.9±0.4 6.1±0.2 
8 2.8±2.7 1.1±0 15.3±1.3 13.3±0 
2.5% 
3.0 7.5±1.1 21.1±0.4 ND ND 
4.6 23.0±0.5 29.9±0 ND ND 
5.3 23.6±0.6 28.5±2.1 ND ND 
6.6 22.3±0.1 22.2±0 24.1±0.4 24.2±0.1 
8 21.8±0.2 29.1±0 25.5±0.6 23.1±0.6 
5.0% 
3.0 22.9±0.1 33.0±0 ND ND 
4.6 25.1±0.1 34.8±0.1 ND ND 
5.3 24.9±0.1 34.7±0.4 ND ND 
6.6 24.5±0 34.2±0.2 25.3±0.1 24.1±0.9 
8 24.7±0.5 34.0±0.2 26.4±0.2 26.3±0.7 
NG= no gelling was observed; ND= sample not done 
Table 3S-6. Firmness of 2.5 and 5% pure and milk protein containing gelatin B gels at different pH. 
Gelatin concentration 
(w/v) 
pH Firmness (N/sec 10
-3
) 
Pure WPI MPC SMP 
2.5% 
3 1.1±0.1 8.6±0.5 ND ND 
4.6 16.9±2.6 21.0±0.4 ND ND 
5.3 18.2±1.6* 19.9±1.1 ND ND 
6.6 16.9±1.6* 15.7±3.0 20.0±2.3 14.6±1.5 
8 16±2.0 20.7±0.3 14.9±1.5 28.0±1.3 
5% 
3 33±6.1 53.2±13.9 ND ND 
4.6 79.4±5.5 91.6±9.8 ND ND 
5.3 78.6±9.0 98.3±22.1 ND ND 
6.6 79.7±6.7 106±10.8 99.2±12.9 82.9±10.2 
8 76.4±10.5 92.4±12.8 87.5±10.6 112±12.2 
ND= sample not done; * gels that showed fracturability 
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Table 3S-7. Rheology parameters and firmness of the pure and milk protein containing gelatin A gels at different pH.  
pH Milk protein TG (°C) TM (°C) G0′ (Pa) G∞′ (Pa) K′ (10
-3
) 
Firmness (N/sec 
10
-3
) 
6.6 
 
Pure 21±0.35 30±0.11 257±3.6 665±16.1 22.8±0.87 84.5±2.2* 
WPI 22.8±0.07 30.7±0.57 210±10.7 560±12.3 24.2±1.63 79.3±0.35 
MPC 21.1±0.11 30.5±0.14 228±40.3 603±20.6 24.4±1.39 81.8±1.39* 
 
8.0 
 
Pure 19.6±0.28 31±0.88 242±9.0 608±26.7 23.4±1.2 83.5±0.66* 
WPI 22.7±0.07 30.8±0.07 197±5.5 549±18.7 21.9±0.09 75.2±0.56 
MPC 20.9±0.88 30.7±0.42 300±7.5 795±17.2 23±0.08 102.5±0.4* 
Gelatin concentration was 2.5% (w/v); * gels that showed fracturability 
 
 
Yogurt Sample 
Triangle test 
 
Panellist ID: ______________                                Date: ____________________ 
 
In front of you there are three samples of yogurt; one of them is different from the 
other two. Please taste the samples from left to right in the order given below 
and circle around the code of the sample which is different. You may re-taste as 
often as you wish. 
 
 
_____                          _____                         _____   
 
      
 
Please describe the difference:  
 
 
 
Figure 8S- 1. Questionnaire for triangle test in sensory evaluation of yogurts. 
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Figure 8S- 2. Questionnaire for ranking test in sensory evaluation of yogurts. 
 
 
 
 
Panellist ID: ______________ 
 
Cleanse your mouth with water at the start and in between samples. In front of you 
there are five samples. Please put down the sample numbers in the space provided. Taste 
the samples from left to right and rank the samples in the order from most (ranking as 5) to 
least (ranking as 1). You may retaste as often as you wish. 
 
Thickness: resistance to flow in the mouth; 
 
Sample   No          Rank  
                  
_____                    _____                   
 _____                   _____                          
 _____                   _____                   
_____                    _____                    
 _____                   _____ 
 
Smoothness: Having an even consistency absent of any particles;  
 
Sample   No          Rank   
                 
_____                    _____                   
 _____                   _____                          
 _____                   _____                   
_____                    _____                    
 _____                   _____ 
 
Stickiness: Degree to which the sample sticks to the teeth and palate; 
 
Sample   No          Rank      
              
_____                    _____                   
 _____                   _____                          
 _____                   _____                   
_____                    _____                
 _____                   _____ 
